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Abstract 
 
In order to fulfill the increasing demands for various sustainable and renewable energy 
sources in future, many efforts have been paid to construct high-efficient energy storage and 
conversion devices for the corresponding energy sources. The boom of nanomaterials 
provides new opportunities for the development of high efficient energy related devices. 
Meanwhile, the fabrication of three-dimensional architecture nanomaterials to replace their 
planer counterparts for devices fabrication has been regarded as one of the promising 
strategy to improve the efficiency of devices. In this thesis, through effectively combining 
three-dimensional micro/nanoarchitecture with atomic layer deposition, we carried out a 
series of systematic research works on controllable fabrication, assembly and 
functionalization of three-dimensional micro/nanoarchitecture for high-efficient energy 
storage and conversion devices. The main achievements are outlined as following: 
 
1. A low-cost and controlled assembly route was employed to construct three-dimensional 
aluminum doped zinc oxide transparent electrode using atomic layer deposition on 
varies micro/nanostructures, including three-dimensional nanopore array and three-
dimensional porous nanostructure and so on. The two main properties of transparent 
electrode, electroconductivity and transparence of the synthesized three-dimensional 
aluminum doped zinc were systematically investigated by the adjusting of doping and 
growth conditions by atomic layer deposition. The constructed three-dimensional 
aluminum doped zinc oxide could serve as a good transparent electrode to be used in 
the new generations of photovoltaic and optoelectronic devices. 
 
2. Core/shell nanostructures with optimal structure and composition could maximize the 
solar light utilization. A feasible route was performed toward scalable fabrication of well-
modulated core/shell nanostructures and can be easily applied to other 
metal/semiconductor composites for high-performance photoelectrochemical electrodes. 
An aluminum nanocone array as a substrate, well-defined regular array of aluminum 
doped zinc oxide/titanium dioxide core/shell nanocones with uniformly dispersed gold 
nanoparticles was successfully realized through three sequential steps of atomic layer 
Abstract 
 
deposition, physical vapor deposition and annealing processes. By tuning the structural 
and compositional parameters, the advantages of light trapping and short carrier 
diffusion from the core/shell nanocone array, as well as the surface plasmon resonance 
and catalytic effects from the gold nanoparticles can be maximally utilized. Accordingly, a 
remarkable photoelectrochemical performance could be acquired. 
 
3. A cost-effective atomic layer deposition process was introduced to realize well-defined 
three-dimensional platinum nanotube array based on alumina nano-porous template. 
Through the special introduction of a low-nitrogen-filling step and the control of atomic 
layer deposition conditions, continuous and smooth surface of platinum nanotube array 
could be obtained. And to achieve those platinum nanotube arrays, half numbers of the 
atomic layer deposition cycles and 10% platinum precursor pulsing time are only needed, 
compared to conventional atomic layer deposition process. The achieved platinum 
nanotube array was explored as a current collector to construct three-dimensional 
core/shell platinum/manganese dioxide nanotube array for supercapacitors. The 
constructed three-dimensional core/shell nanostructure electrode exhibited a high 
specific capacitance, an excellent rate capability and a negligible capacitance loss after 
long-term charging-discharging cycling.  
 
4. An ultra-low loading amount of ultrasmall platinum nanoparticles on three-dimensional 
bacterial cellulose derived carbon nanofiber was achieved by using a convenient 
modified atomic layer deposition process. The ultrasmall platinum nanoparticles surface-
modified three-dimensional carbon nanofiber exhibited good electrocatalytic activity and 
stability towards hydrogen evolution reaction. The synthesis process provides a general 
strategy for minimizing the demand of precious metal catalysts while maintaining their 
high catalytic efficiency. 
 
The achieved results within this dissertation on three-dimensional nanostructures 
fabrication and functionalization, and the integration in energy storage and conversion 
device should provide a strong insight and guidance on the design and structure of the high 
efficient energy storage and conversion devices. 
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Zusammenfassung 
 
Um der steigende Nachfrage nach nachhaltigen und erneuerbaren Energiequellen in der 
Zukunft gerecht zu werden, wurden viele Anstrengen unternommen um hoch effiziente 
Energiespeicher und Bauelemente zur Energieumwandlung zu entwickeln. Insbesondere 
bieten Nanomaterialien neue Möglichkeiten um energiebezogene Bauelemente noch 
effizienter zu machen. Hier verspricht man sich von der Herstellung von dreidimensionalen 
Nanostrukturen weitere Effizienzsteigerungen im Vergleich zu planaren Strukturen. In dieser 
Arbeit werden hocheffiziente Energiespeicher und -umwandler durch die effektive 
Kombination von dreidimensionaler Mikro- und Nanotechnologie mit 
Atomlagenabscheidung hergestellt und systematisch charakterisiert. Im Folgenden die 
wichtigsten Ergebnisse: 
 
1. Dreidimensionale nanoporöse Aluminiumdotierte Zinkoxid Elektroden wurden 
kostengünstig und kontrolliert mit Hilfe von Atomlagenabscheidung hergestellt. Die 
wichtigsten Parameter, Transparenz und elektrische Leitfähigkeit der Elektrode, wurde 
systematisch charakterisiert und der Einfluss der Dopingkonzentration und der 
Wachstumsbedingungen wurde analysiert. Es hat sich herausgestellt, dass die 
dreidimensionalen nanoporöse Aluminiumdotierte Zinkoxid Elektroden sich 
insbesondere als gute transparente Elektroden in der Photovoltaik und in 
optoelektronischen Bauelementen eignen. 
2. Kern/Mantelnanostrukturen mit optimierter Struktur und Zusammensetzung können die 
ausbaute von Sonnenlicht deutlich erhöhen. Eine vielversprechende Route mit starkem 
Fokus auf die skalierbare Herstellung von gut modulierten Kern/Mantel-Nanostrukturen 
wurde entwickelt, welche leicht an andere Metall und Halbleiter für 
photoelektrochemische Elektroden angepasst werden kann. Als Substrat dient ein 
regelmäßig angeordnetes Aluminium nano-Kegel-Array, welches mit einer Aluminium-
dotiertem Zinkoxid / Titandioxid Kern/Mantel Struktur und regelmäßig verteilten 
Goldnanopartikeln überzogen ist. Die Herstellung wurde Hilfe von 
Atomlagenabscheidung, physikalischer Dampfabscheidung und einem Glühprozess 
realisiert. Durch gezielte Abstimmung der Struktur und Zusammensetzung konnte der 
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Lichteinfang verbessert und die Ladungsträgerdiffusion optimiert werden. 
Plasmonenresonanz und katalytische Effekte konnten durch Goldnanopartikel 
kontrolliert werden. Dementsprechend konnte eine bemerkenswerte 
photoelektrochemische Leistungsfähigkeit erzielt werden. 
 
3. Ein kostengünstiger Prozess für die Synthese von dreidimensionalen Platin Nanoröhren-
Arrays, basierend auf der Atomlagenabscheidung und nanoporösen Templaten, wurde 
entwickelt. Dies gelang durch die Einführung eines low-nitrogen-filling Schritts. 
Kontinuierliche Platin Nanoröhren mit glatter Oberfläche wurden erzielt. Dabei wurde 
die Anzahl der Zyklen halbiert und die Pulszeit des Platinprecursors um 10 % reduziert im 
Vergleich zu herkömmlichen Verfahren. Die hergestellten Platinnanoröhren-Arrays 
wurden als Stromkollektoren für dreidimensionale Pt/MnO2 Kern/Mantel Strukturen in 
Superkondensatoren eingesetzt. Die synthetisierte Struktur zeigte eine hohe spezifische 
Kapazität, gute Performance unter schneller Entladung und eine gute 
Zyklenbeständigkeit.  
 
4. Eine ultra-niedrige Lademenge von sehr kleinen Platin Nanopartikeln auf 
Kohlenstoffnanofasern, welche mittels bakterieller Zellulose hergestellt wurde, wurde 
mit Hilfe der Atomlagenabscheidung erzielt. Die mit Platinpartikeln 
oberflächenmodifizierte Kohlenstoffnanofasern zeigten gute elektrokatalytische Aktivität 
und Stabilität gegenüber der Wasserstoffentwicklungsreaktion. Das Syntheseverfahren 
stellt eine allgemeine Strategie dar, um den Einsatz von Edelmetallkatalysatoren unter 
Beibehaltung ihrer hohen katalytischen Effizienz zu minimieren.  
 
Die im Rahmen dieser Arbeit erzielten Ergebnisse in Bezug auf die Herstellung von 
dreidimensionalen Nanostrukturen, ihre Funktionalisierung und die Implementierung in 
Bauelemente zur Energiespeicherung und -umwandlung, sollte eine starke Basis für 
zukünftige Bauelemente mit verbesserter Leistung liefern.  
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1 Introduction 
Currently, more than 70 % of the worldwide energy supply is from fossil fuels. The 
production of fossil energies like oil and natural gas is predicted to peak. Unfortunately, it is 
still cannot meet the increasing global energy demand in the near future [1,2]. Moreover, 
the extensive use of fossil fuels would unavoidably release a large amount of pollutants and 
carbon dioxide to the ambient. Thus, exploring alternative clean energy sources and utilizing 
it efficiently are of great significance to address these issues. With the magnitude of 
available energy directing towards the surface of earth, solar power has long been esteemed 
as the inexhaustible source for generating electricity and clean fuels [3]. So far, a large 
diversity of devices has been developed to convert solar energy to electricity and clean fuels, 
including the several kinds of solar cells and water splitting cells [4-7]. Meanwhile, in order 
to use the electric energy portably in a high power density, storing and utilizing electric 
energy in an electrochemical way has proven to be a feasible and promising strategy. Such 
systems for electrochemical energy storage include batteries and supercapacitors [8,9].  
Present structures of commercial energy conversion and storage devices are dominated 
by planar configurations. With the development of advanced techniques in material 
preparations and device fabrications, the energy conversion and storage efficiencies of these 
devices have been approaching to the theoretical values. To break through the bottleneck 
and further improving the energy conversion and storage efficiencies of these devices, large 
scale of three-dimensional micro/nanoarchitectures are usually introduced [10,11]. The large 
surface-to-volume ration and large surface area of nanostructures allow the rapid and 
extensive occurring of energy conversion and storage. However, the realization of functional 
three-dimensional nanostructures is still one of the most challenging topics in 
nanotechnology today. The top-down and bottom-up are the two classes of existing 
strategies [12,13]. The top-down techniques are mainly based on lithography and thus suffer 
from low through-put and high cost, bottom-up approaches are commonly based on self-
assembly and template assisted growth. Generally, these fabrication strategies allow a high 
through-put, do not need expensive equipment and provide an excellent control of the 
morphology within the nanometer regime. The advantages that arise from these bottom-up 
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approaches fabricated three-dimensional nanostructures with respect to energy storage and 
conversion will be introduced in the following section. Moreover, the beneficial use of 
atomic layer deposition (ALD) in combination with these three-dimensional nanostructures 
for energy devices will be discussed. 
 
1.1. Advantage of three-dimensional nanostructures for energy storage and conversion 
 
Nowadays, most of the commercially available energy storage and conversion devices 
consist of two-dimensional planar thin film structures which experience limitations in 
conversion efficiency and storage capability. The three-dimensional nanostructure has a high 
aspect ratio, indicating a large surface-to-volume ratio and the longitudinal continuity of the 
material. The large surface-to-volume ratio enables the relevant structure to have a huge 
surface area where the energy conversion and storage reaction could occur extensively and 
rapidly. The at least one dimension connected structure provides a continuous passway to 
efficiently transfer charge carriers [11,14,15].  
The three-dimensional nanostructures are assembled into large areas, extending millions 
of nano-units to large-scale arrays for macroscopic energy applications. And these units 
could raise the scattering and antireflection effects. Meanwhile, the incident radiation could 
be easily collected, enabling it as an advantageous component in solar energy conversion 
devices [16,17]. As demonstrated by the finite difference time domain simulations for a 
conventional semiconductor Cu2O, when illuminated by photons at 500 nm, the electric-field 
distribution around the planar Cu2O film is concentrated on the surface [18]. As to the three-
dimensional Cu2O, the electric field distributing scope is greatly enlarged and a high electric 
field surrounds the entire nanowire arrays. As a result, the three-dimensional Cu2O exhibits a 
dramatic improvement in absorption capability in comparison with the Cu2O film below 480 
nm.  
For energy storage devices, the available void volume between adjacent nanostructures 
results in fast ion transportation, easy electrolyte accessibility to the electrode and tolerance 
for volume expansion of the active materials [11]. The deterioration problems in the planar 
batteries with increasing charge/discharge cycles could be largely alleviated by using three-
dimensional nanostructures. Moreover, the distance for ion transportation in discharging is 
dramatically reduced by adopting interdigitated three-dimensional nanostructures [16]. And 
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such a structure can significantly less susceptible to Ohmic losses and other transport 
limitations. Thus, the large surface area greatly facilitates energy storage and conversion 
reactions; the specific three-dimensional surface structure provides an efficient passway for 
transporting charge carriers or ions; and the optical scattering and antireflection results the 
overall energy conversion and storage performance.  
 
1.2. Template-directed construction of three-dimensional nanostructures 
 
Over the last decade, numerous researches have sufficiently evidenced the advantages of 
large scale three-dimensional micro/nanostructures for energy conversion and storage. And 
various techniques have been shown up to fabricate three-dimensional nanostructures. 
Among them, template-directed construction of three-dimension nanostructures offers a 
convenient and versatile approach to produce nanostructure with distinguished advantages 
for energy-related device applications [17,19-21]. In general, template-directed techniques 
refer to the techniques that utilize template to regulate the synthesis of the nanomaterials 
or the dismounting of bulk materials into the desired nanostructures. First, template-
directed technique could be used to produce nanostructure of many materials in large scale 
because of its easiness and maneuverability. Second, template-directed nanostructures have 
controllable morphological features in nanoscale dimensions, including shape, size, 
interspace, etc. The flexible structural controllability is highly beneficial for the performance 
optimization of energy-related devices. Third, the spatial orientation and arrangement of 
template-directed nanostructure is predefined according to the spatial structure of fixed 
template, and such structure can be retained to form a self-standing nanostructure on a 
substrate even after the template removal. The self-standing nanostructure with certain 
spatial orientation and alignment are promising building blocks for energy storage and 
conversion [22-25]. By turning the spatial orientation and alignment of these nanostructures, 
the performance of the corresponding energy devices can be further improved. The last but 
not the least, template-related process is an efficient way to construct nanostructure with 
high regularity. Specifically, highly-ordered nanostructure arrays which can be easily 
achieved based on some highly-ordered templates, including porous anodic aluminum oxide 
(AAO) template, colloidal crystal template, and so on. They provide opportunities for some 
exotic optical properties such as anti-reflection, surface plasmon resonance, etc. Based on 
Introduction 
 
 
4 
the above mentioned advantages, template-directed method has great potentials for 
constructing three-dimensional nanostructures towards highly efficient energy storage and 
conversion, including solar water splitting, supercapacitors, and so on. 
 
1.2.1. Porous anodic aluminum oxide template 
 
Since 1995, when Masuda and co-workers reported that well-ordered anodic aluminum 
oxide nanoporous structure could be attained by anodizing aluminum metal in acidic 
electrolytes [26], anodic aluminum oxide template has inspired a wave of fashion for 
fabricating highly-ordered nanostructure arrays. Such AAO template has a self-ordered, 
honeycomb-like and highly-oriented porous structure in nanoscale, with tunable pore size, 
density, interpore distance and distribution topologies. By adjusting the anodization 
conditions (e.g., choosing different electrolytes, applying different anodic biases, etc.), self-
ordered anodic aluminum oxide templates with tunable pore diameters of about 10–400 nm 
and densities in the range 108–1010 pores·cm−2 can be prepared [27]. Combining with an 
imprinting process, long-range order of anodic aluminum oxide templates with tunable pore 
distributions and profiles could be conveniently realized [28,29]. Thereby, during the last 
decades, anodic aluminum oxide template has been extensively exploited in the fabrication 
of diverse nanostructure arrays in the form of nanopores [30], nanodots [31], nanocones 
[32,33], nanowires [34] and nanotubes [35]. In addition, the developed pulse anodization as 
well as the alternative usage of mild and hard anodizations for one specimen enable the 
fabricated anodic aluminum oxide templates with periodically modulated nanopore 
diameters along the pore axes, supplying another opportunity for tailoring the 
morphological parameters of the as-fabricated nanostructure arrays [36,37]. Due to the high 
compatibility of the anodic aluminum oxide template with a broad scope of techniques for 
material synthesis, many categories of materials can be prepared into nanostructure arrays, 
like metal, semiconductors, wide band gap oxides, polymers, and organic materials. To be 
more important, through manipulating the sequences of synthesizing various materials in 
the anodic aluminum oxide template, nanostructure arrays with multi-components and 
multi-segments could also be attained [38,39]. Thus, anodic aluminum oxide template 
provides a good scaffold to prepare nanostructure arrays for real device fabrications (Figure 
1-1). 
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Figure 1-1| Schematic illustration of the basic three-dimensional nanostrucuture 
constructed base on anodic aluminum oxide template. 
 
Considering the significance of AAO template, it is necessary to understand the formation 
of AAO in detail. As shown in Figure 1-2a, at the beginning of the anodization, a thin compact 
oxide layer grows to cover the whole aluminum surface (stage I). Thickening the barrier 
oxide leads to an increase of local stress. When the thickness of the compact oxide reaches a 
certain value, local cracks happens, resulting in a path for the acid solution which penetrates 
to the Al foil under the oxide barrier (stage II). The internal stress resident in the defective 
oxide barrier promotes the self-organization of the neighboring pores (stage III). As the 
anodization continues, the regularity of the pore arrays improves. Normally the regularity of 
anodic alumina is proportional to the anodization time. After about 10 hours, an alumina 
membrane with disordered pores on the top and ordered pores at the bottom is obtained 
(stage IV). Due to the disorder nature of the template on the top, we usually etch this layer 
away and leave aluminum foil being textured with ordered array of semispherical concaves 
(stage V). Then another procedure for anodizing is performed to acquire well-ordered 
aluminum oxide porous structure (stage VI). This so called two-step anodization process was 
AAO
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firstly proposed by Masuda and Satoh [26]. The as prepared anodic aluminum oxide as 
schematically shown in Figure 1-2b, which consists of a large number of parallel pores 
perpendicular to the aluminum substrate. Each pore cell can be geometrically defined by the 
pore diameter, pore wall thickness, pore length, interpore distance and porosity. The biggest 
advantage of the anodic aluminum oxide template is the high turnability of these geometric 
parameters, which are governed by the anodizing electrolyte, potentials and time.  
Considering the time-consuming of the first anodization procedure and the difficulty of 
manipulating the distribution of nanopores, which are hexagonally distributed in nature, in 
1997, Masuda and coworkers developed a so-called ‘‘pretexturing’’ process, which used a 
silicon carbide (SiC) mold with ordered array of convenes to stamp an Al foil before 
anodization [40]. In this way, the time-consuming first step anodization process could be 
omitted and the second anodization step can be directly carried out. More importantly, the 
profiles and distributions of the resulted aluminum oxide nanoporous array could be highly 
manipulated by the geometric parameters of the converted in the mold. 
 
 
Figure 1-2| (a) Schematic of the two-step anodization process for realizing anodic 
aluminum oxide template, and (b) Schematic structure of a representative anodic 
aluminum oxide template, showing the parameter definitions. 
It should be mentioned that even using two step anodization processes, it is still tough to 
get large area of nanopore arrays without defects. In order to obtain larger-area and highly 
ordered anodic alumina membrane, treatments like annealing and electropolishing the 
aluminum foil have to be performed. Such treatments are helpful to remove resident stress 
and defects in the Al foil. To understand the anodization procedure fundamentally, COMSOL 
Multiphasic software was used to simulate the three-dimensional electric field distribution in 
the aluminum foil and barrier oxide. The simulation was based on steady-state current 
(a) (b)
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continuity equation, excluding the potential drop in the electrolyte and the electrode double 
layer at the electrolyte/metal interface. Figure 1-3 a-d show the electric field distribution in 
aluminum film at the initial stage of the first step anodization, where (a) and (b) indicate that 
the ideally defect-free sample has a uniform electric field distribution and a relatively small 
value (1.17x108 V·m−1) through the whole aluminum foil. In contrast, the defect sample 
shows a nonuniform electric field (Figure 1-3c and d). The electric field at the corners of the 
defects is several orders higher than that at other positions. The fluctuant electric field will 
result in different oxide barrier growth rate and local stress, finally affecting the regularity of 
the pore arrays. 
 
 
Figure 1-3| (a, b) Top and cross-sectional views of the electric field distribution of polished 
aluminum foils at the beginning of the first anodization step. (c, d) Top and cross-sectional 
views of the electric field distribution of unpolished aluminum foils at the beginning of the 
first anodization step. (e, f) Top and cross-sectional views of the electric field distribution 
of aluminum foils with nano-textured surface at the beginning of the second anodization 
step. (g, h) Top and cross-sectional views of the electric field distribution of alumina 
membrane at the stable stage of hole formation. The voltage applied in all these samples 
is 40 V and the corresponding interpore distance is about 110 nm. 
Figure 1-3 e-h show the electric field distribution in the aluminum foil at the steady pore 
formation stage of the second step anodization. For this surface-textured aluminum foil, the 
electric field of each cell at the initial stage is periodic, with the intensity at the bottom of 
the nanocaves much bigger than that at the top, as shown in Figure 1-3e and f. Such electric 
field concentration at the bottom of the pores during the pore formation indicates that the 
oxide dissolution mainly occurs at the bottoms of the pores. According to the field-assistant 
(a)      (b)      (c)      (d)      
(e)    (f)    (g)    (h)    
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oxide dissolution theory [41], the electric field promotes the immigration of ions through the 
oxide barrier. The electric field along the sidewall and on the top surface of the barrier layer 
is almost zero, demonstrating that there is almost no dissolution of oxide on the wall and the 
top surface for the procedures with the same anodizing conditions. This results in a highly-
uniform and vertically-distributed aluminum oxide nanoporous arrays (Figure 1-3g and h). 
 
1.2.2. Colloidal crystal template 
 
Colloidal crystal template composed of well-ordered colloidal spheres is another 
convenient pattern to direct the formation of ordered nanostructure arrays. The colloidal 
spheres with a uniform size ranging from several micrometers to tens of nanometers could 
self-assemble into highly-ordered two-dimensional and/or three-dimensional patterns under 
appropriate conditions [42,43]. The two-dimensional colloidal crystal template pattern is the 
monolayer of monodispersed colloidal spheres with a well-arranged hexagonal close-packed 
or non-close packed feature of self-assembly on substrates. Through choosing different 
approaches to prepare the targeting materials into the 2D pattern, well-ordered 
nanostructure arrays with various profiles (e.g., nanodots, nanorings, nanocolumns, 
nanocones, etc.) could be easy-accessibly attained [17][42]. The size of the nanostructure is 
also tunable, depending on the sizes of colloidal spheres. The three-dimensional colloidal 
crystal template pattern is multilayer of colloidal spheres that pack into predominantly face-
centered cubic arrays on substrates, which is more advantageous in the construction of 
three-dimensional ordered nanostructure arrays by comparing with the two-dimensional 
counterpart, particularly good for energy applications. The resulted three-dimensional 
nanostructure arrays are usually produced by filling the interstitial space of close-packed 
spheres with the required material and then removing the spheres. These negative replica 
architectures are usually termed as inverse opals, inverted opals, or three-dimensional 
ordered macroporous structures. The corresponding open, interconnected macropore 
structure and nanosized wall components have benefited numerous applications in energy 
related devices, catalysis, photonics, field emission etc. [17,44-46] Particularly, according to 
the modified Bragg’s law, the photonic stop-band of inverse-opal of semiconductors is 
determined by the pore size, which is highly tunable by the preparation procedure, thus 
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providing a good chance to manipulate the photonic properties of the corresponding 
structures. 
Currently, the most common colloidal particles are uniformly sized silica or polymer 
spheres. Silica spheres could be synthesized by the Stöber process (e.g., via the hydrolysis 
and condensation of tetraalkoxysilanes in aqueous solution containing alcohol and ammonia) 
[47]. The resultant silica particles present a uniform size in the range of several tens of 
nanometers to a few micrometers. Smaller silica particles with size from 10 nm to 40 nm are 
usually realized by using the basic amino acid L-lysine to control the hydrolysis of 
tetraethylorthosilicate [48]. Monodispersed polymer spheres include poly-styrene spheres, 
poly(methyl methacrylate) spheres, and poly(styrene-methylmethacrylate-acrylic acid) 
spheres. The initiators employed in these emulsion polymerizations govern the surface 
charge on the polymer spheres, which could influence the interactions with targeting 
materials in the colloidal crystal template [43]. 
The silica based colloidal crystal templates, usually called as hard colloidal crystal 
templates, are of good merit in maintaining the structure in a broad scope of temperatures. 
This makes the procedure for synthesizing the target materials compatible with the 
techniques that require a high temperature, like chemical vapor deposition, atomic layer 
deposition and molecular beam epitaxy. However, the disadvantage of the silica colloidal 
crystal template is the difficulty of the template removal, which has to be conducted in 
hydrofluoric acid (toxic and caustic) or hot alkali solution. Such removal treatment could 
damage the structure of the resultant materials, since most of the metals and oxides are 
sensitive to such treatment. On the other hand, polymer spheres are easy to be removed by 
calcination, pyrolysis or extraction with an organic solvent, thus rendering the polymer 
spheres as versatile template particles. With the increase of the particle size and the 
multilayer thickness, internal pressure from swelling of the polymer spheres can result in 
fracture of the particles and generate imperfects to periodicity of the template. Generally, 
polymer sphere templates are more compatible to the various techniques for 
nanofabrication and more popular in energy applications, in comparison with the hard 
sphere template. 
Practically, a large diversity of ordered nanostructure arrays could be realized by these 
template-directed methods. As summarized by Figure 1-4, the profiles, dimensions and 
distributed regularities of these nanostructure arrays could be well controlled. Even 
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complicated nanostructure arrays, like multi-segmented and multi-profiled nanostructure 
arrays, could also be attained by tuning the formation procedure of template and synthetic 
process of the targeting materials. These ordered nanostructure arrays behave as scaffolds 
to construct energy-related devices and are of great merit in regulating the energy 
converting/storing reactions and optimizing the corresponding performances. 
 
 
Figure 1-4| Schematic of ordered nanostructure arrays that could be realized via template-
directed techniques. 
 
1.3. Atomic layer deposition for constructing three-dimensional nanostructure for energy 
storage and conversion 
 
1.3.1. Atomic layer deposition 
 
After the construction of three-dimensional nanostructures, the functionalization of those 
constructed nanostructures turns to be a critical issue that needs to be solved. It requires a 
synthesis approach that is capable of controlling the decoration or the deposition on the 
three-dimensional nanostructure substrate at atomic scale, whilst preserving the 
characteristic properties of the three-dimensional nanostructure support. Amongst various 
functionality strategies, the atomic layer deposition technique appears to be as one of the 
PS
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most promising strategy due to its specific characteristics, including simplicity, 
reproducibility and the high conformity of the obtained samples [49]. 
Atomic layer deposition is a surface-controlled method that has emerged as an important 
technique for the deposition of films from gas phase for a variety of applications. ALD is able 
to meet the needs for atomic layer control and conformal deposition using sequential, self-
limiting surface reaction. It was invented in the 1970s by Suntola and Antson, and further 
developed in the 1980s for the fabrication of a semiconducting light-emitting core 
surrounded by dielectric layers for electroluminescent flat panel displays. The needs for 
high-K oxides in microelectronics result the ALD technique to become a success commercial 
technique. Since then, a wide range of materials, including several oxides, nitrides, sulphides 
and metals have been deposited by ALD on various substrates [49,50].  
Most of the ALD processes are based on binary reaction sequences where two surface 
reactions occur and deposit a binary compound film, as schematic shown in Figure 1-5, 
where the thin film growth cycle for a binary compound (Al2O3) from gaseous precursors 
(Al(CH3)3 and H2O) is presented as an example. The ALD gaseous reactants are alternately 
pulsed into the reaction chamber to react on the substrate, and between the reactant pulses 
the reaction chamber is purged with an inert gas. As shown, a complete ALD cycle process 
consists of four separate steps [67]: 1) the substrate is exposed to precursor molecules 
(Al(CH3)3, precursor 1), which is pulsed into the reaction chamber and absorb ideally as a 
monolayer on the substrate surface; 2) the excess of Al(CH3)3 (precursor 1) in the gas phase 
in reaction chamber is removed by inert gas purging; 3) the substrate is exposed to H2O 
(precursor 2) which is pulsed into the reaction chamber and reacts with the adsorbed 
Al(CH3)3 (precursor 1) to form a layer of the Al2O3 (desired material) and CH4 (by-product); 4) 
the excess of H2O (precursor 2) and the reaction by-products are removed by inert gas 
purging. The ALD cycle is repeated until the desired thickness of the deposit material is 
obtained. In the ideal case, a complete monolayer if formed in every deposition cycle and no 
impurities are introduced to the film. The good quality and excellent conformity of the films 
deposited by ALD make it a promising technique for a variety of microelectronic applications. 
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Figure 1-5| Schematic of a binary compound ALD process. One ALD cycle consists of four 
separate steps: 1) the substrate is exposed to precursor molecules (Al(CH3)3, precursor 1), 
which absorb ideally as a monolayer on the substrate surface; 2) the excess of Al(CH3)3 
(precursor 1) in the gas phase in reaction chamber is removed by inert gas purging; 3) the 
substrate is exposed to H2O (precursor 2) which reacts with the adsorbed Al(CH3)3 
(precursor 1) to form a layer of the desired material and by-product (CH4); 4) the excess of 
H2O (precursor 2) and the reaction by-products are removed by inert gas purging. The ALD 
cycle is repeated until the desired thickness of the deposit material is obtained [67]. 
 
The ability of ALD to deposit on high aspect ratio structure is the most desirable 
characteristics for ALD. The miniaturization of semiconductor devices has led to the 
increasing need of ALD to coat high aspect ratio micro/nanostructures. As the length aspect 
ratio is expected to increase up to 80 to 1 by the year 2007, ALD is probably the only viable 
technique for high aspect ratio micro/nanostructure fabrication and modification. The 
precise control of the deposited layer thickness allows for new strategies in the modification 
of chemical and physical properties of nan-scaled materials and synthesis routes to novel 
micro/nanostructures for device fabrication. A number of works report the use of ALD to 
functionalize complex three-dimensional nanostructures for catalysis, energy storage and 
conversion, etc. [51,52]  
 
1.3.2. Atomic layer deposition for solar cell 
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Construction of complex three-dimensional nanostructures is attractive for energy 
conversion, especially for solar energy conversion, which is the cleanest and most abundant 
available renewable energy source. So far, the photovoltaic and solar water splitting cells are 
two major kinds of solar energy conversion devices. For solar cell, including dye-sensitized 
solar cell (DSSC), quantum dot sensitized solar cell, organic-inorganic hybrid solar cell and 
thin-film solar cell, to optimize the three main steps of solar energy conversion process: 
photon absorption, charge carrier generation and charge carrier transport, atomic layer 
deposition was performed to fabricate nanostructured active electrodes or charge 
transporter [53,54], form heterojunction and inert surface passivation of trap states, as well 
as catalytic noble metals [55,56] 
Inverse opal is a replicated shell structure with high-specific surface area and porosity (74 % 
void volume). The periodical three-dimensional inverse opal exhibits photonic crystal 
properties, thereby providing additional avenues to enhance light-matter interactions by 
controlling the propagation of light via mirror reflections, slow photons, and surface 
resonant modes [43]. As such, a challenging issue here is the fabrication of high-quality ideal 
electrode architecture for solar cell. From the establishment of the effectiveness ALD 
technique to fabricate inverse opal structure by Karuturi et al, high-quality inverse opals with 
different pore size on fluorine-doped tin-oxide (FTO) coated glass were prepared as a 
photoanode for DSSCs [57]. The high filling of fractions ensures robust interfacial contact 
with substrate, thereby providing good electron transport paths. Photosensitization of CdS 
quantum dots on TiO2 inverse opal electrode has achieved a promising photocurrent density 
and incident photon to current conversion efficiency [58]. The light harvesting efficiency of 
the TiO2 inverse opal electrode could be further improved by forming a bilayer structure 
where ZnO nanowire array is grown directly on the top of TiO2 inverse opal by ZnO seeding 
layer deposited by ALD [59]. Besides the construction of three-dimensional nanostructures 
for solar cell devices, functionality of three-dimensional nanostructures by ALD has also 
investigated. The silica aerogel template, as well as anodic aluminum oxide template 
deposited either ZnO or TiO2 layers by ALD for DSSC to impart the desired semiconducting 
properties [60,61]. Ultrathin layer of surface passivation coated by ALD could improve the 
photostability or viability of solar cells by isolating photoanode surface from surrounding 
environments. It is highly required by long-term operation stability and high efficiency solar 
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cells [62,63]. Not only for DSSCs, but also the ALD layer was reported for the surface 
passivation of Si solar cells to reduce surface recombination and improve efficiency [64]. The 
Al2O3 passivation layer deposited by ALD realizing up to 23.2 % conversion efficiency of Si 
solar cell by suppressing surface recombination as well as reflection. Similar work for 
efficient hole-blocking layer deposited by ALD has also been demonstrated on perovskite 
solar cells [65]. 
 
1.3.3. Atomic layer deposition for solar water splitting 
 
Among the different sources, the high energy density and environment friendliness of 
hydrogen produced from water splitting does not present the drawback caused by 
unwanted emissions is regarded as a potential fuel. Thus, efficiently and inexpensively 
splitting H2O into H2 and O2 is one of the most pressing issues. The discovery of hydrogen 
evolution through the photoelectronchemical splitting of water on semiconductor electrode 
(n-type TiO2 electrode) by Fujishma solves the problem that producing hydrogen requires 
energy supplied from a high-cost external source [66]. Since then, the technology of 
semiconductor-based photocatalytic water splitting for the production of hydrogen using 
solar energy has been considered as one of the most important approaches to solve the 
world energy crisis. Though the devices for solar energy converting are of large diversity 
depending on the specific active materials, configuration of the device architecture with 
complex three-dimensional nanostructure provides a universal methodology to improve the 
overall efficiency from all the detailed energy converting steps. A large number of studies 
have been focused on ALD modification and/or fabrication of complex three-dimensional 
nanostructures for enhancing their solar water splitting efficiency [67]. 
The complex TiO2/TiSi2 core/shell nanostructures synthesized by Chemical vapor 
deposition (CVD) combine with ALD methods provided a structural support with high surface 
area improving photo absorption [68]. The high electrical conductance structural support 
enhanced charge transport as well. These features led to a high performance nanostructure 
for photoelectrochemical water splitting. The ALD growth of WO3 on indium tin oxide (ITO) 
or on TiSi2 nanonet, with oxo-bridged Mn dimer adsorbed onto the WO3 ALD film acting as 
catalyst, facilitated the hole transfer from the semiconductor to the solution. This 
heterostructure leads to interesting photocatalytic properties. The thin film of CdS is 
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conformally deposited onto TiO2 nanotubes using a modified ALD method to CdS/TiO2 
nanotube array coaxial heterogeneous structures for water splitting devices [59]. The 
fabricated three-dimensional nanostructure significantly enhances CdS/TiO2 and 
CdS/electrolyte contact areas and reduces the distance that holes and electrons must travel 
to reach the electrolyte or underlying conducing substrate. It results in enhanced photo 
absorption and photocurrent generation. A five-fold enhancement in photoactivity 
compares with a bare three-dimensional TiO2 nanotube array. ALD assist-fabricated three-
dimensional ZnO/Si branched nanowire photoelectrodes [69]. The branched nanowire 
electrode with lightly doped p-Si nanowire core, larger ZnO nanowire branches and longer Si 
nanowire cores present a higher photocathodic current, while ranched nanowires with 
heavily doped p-Si nanowire trunks smaller ZnO nanowires and shorter Si nanowires provide 
a higher photoanodic current. The photoelectrode stability is dramatically improved by 
coating a thin TiO2 protection layer by ALD. These results provide useful guidelines in 
designing photoelectrode for efficient solar water splitting devices. 
 
1.3.4. Atomic layer deposition for battery  
 
Electrochemical energy storage is a crucial technology for portable power needs. Many 
advances have been made in battery technology, through continued improvement of 
specific electrochemical system in recent years. Lithium and sodium ion batteries are 
currently well considered as the power source of choice for high performance rechargeable 
battery for a wide range of applications, because of their high energy and powder density 
over other types of batteries [38]. A large variety of nanomaterials and their composites 
have shown the advantages of increasing the cycling life and charge-discharge rates [11][70]. 
However, some disadvantages, including undesirable reactions due to high surface area, and 
low volumetric energy densities because of inferior packing are harmful for batteries. 
Meanwhile, the batteries consist of thin films with limited thickness due to the low lithium 
or sodium ions and electron diffusion. Three-dimensional structuring is considered necessary 
to increase the storage capacity without deteriorating the power capacity. In addressing 
these various challenges facing batteries, surface coating of electrodes by ALD proved to be 
a promising strategy. ALD technique not only can be used to accurately design various new 
high-performance battery components, but also performed to modify the properties of 
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electrode materials with ultrathin coating films or construct three-dimensional electrode to 
increase the electrode/electrolyte contact area and short path length for transporting both 
electrons and lithium or sodium ions [11,71,72].  
A passivation or protective thin film coated by ALD can reduce or possibly prevents the 
decomposition of the electrolyte while have high Li+ / Na+ and electron conductivities. A thin 
layer of Al2O3 deposited by ALD improved the stability of LiCoO2 [73]. It also improved the 
cycle-life of natural graphite anode [71]. Besides the coating of passivation or protective thin 
film, ALD has also been used in construct three-dimensional electrodes. In which the 
electrode was specifically designed such that diffusion paths in the materials are short, thus 
improve the transport of electrons and lithium or sodium ions. It was demonstrated that TiN 
deposited by ALD from TiCl4 and H2-N2 plasma was well-suited as a Li-diffusion barrier and 
current collector even though the TiN was not fully conformal [70]. The current collectors of 
Pt were prepared successfully by ALD from MeCpPtMe3 and O2 gas [74]. 
 
1.3.5. Atomic layer deposition for supercapacitor 
 
Supercapacitors are the other one kind of rechargeable electrochemical energy storage 
devices, which offer a much longer life cycle and higher power density than batteries [72,75]. 
As such, supercapacitors can replace or complement batteries in various applications. 
Electrical double-layer capacitors with carbon electrodes and pseudocapacitors with metal-
oxide or conducting polymer electrode are the existed two types of supercapacitors. The 
transition metal-oxides exhibit fast and electrochemically reversible Faradaic redox reactions 
to store charge in supercapacitors, resulting in high capacitance, but often suffer from low 
electrical conductivity and low surface area. Thus, researches on large surface area, high 
electrical conductivity and inexpensive materials and structures for use in supercapacitors is 
critical to ensure that the demand for high power density energy storage of supercapacitors. 
Constructing three-dimensional nanostructure is one of the efficient ways to increase the 
surface area of material used for supercapacitors. Atomic layer deposition is not only benefit 
for construction three-dimensional nanostructures, but also benefit for modification of 
constructed three-dimensional nanostructures. 
Yushin et al conformally deposited various thickness of vanadium oxide on the internal 
surface area of porous carbon nanotube (CNT) electrodes by ALD for supercapacitors [72]. 
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The ability to precisely control the coating thickness and microstructure by ALD permits 
systematic studies of the ion intercalation and diffusion into the bulk of the electrode. The 
electrochemical measurements revealed stable performance of the vanadium oxide coated 
CNT electrodes with excellent capacitance retention at high current densities or sweep rates. 
The new promising materials, cobalt sulfide (Co9S8) with an ideal layer-by-layer ALD growth 
behavior could be achieved by ALD process [75]. And it could be conformally deposited into 
deep narrow trenches with aspect ratio of 10 to 1. As such, Co9S8 films conformally coated 
on nickel form were fabricated for supercapacitor. Benefiting from the merits of ALD for 
making high-quality uniform Co9S8 thin films, the ALD-synthesized electrodes exhibit 
remarkable electrochemical performance, with high specific capacitance, great rate 
performance, and long-term cycle ability. 
 
1.3.6. Atomic layer deposition for fuel cell 
 
Electrochemical systems, especial fuel cell devices, represent some of the most efficient 
and environmentally friendly technologies for energy conversion and storage [6,22,43]. 
Electrocatalysts play key roles in the chemical processes of fuel cells. It is always applied to 
modify electrode, in order to overcome the high overpotential or low faradic efficiency of 
electrode to lower activation energy and increase conversion rate. The electrochemical 
properties of electrode could be limited by the performance of electrocatalyst. As such, it is 
a long-standing challenge to develop efficient and durable electrocatalysts at low cost for 
fuel cell devices. The high surface area and the potential low active material loading of 
nanostructured catalysts are relevant choice. The deposition of oxide compounds as support 
as well as deposition and protection of metallic catalysts by ALD process were fantastic for 
fuel cell device [54,76].  
Infiltration of AAO substrate with 1 nm ALD Al2O3 before loading it with vanadium oxide by 
ALD as catalyst was prepared by Feng et al [77]. The ALD-prepared catalyst showed higher 
specificity toward the oxidative dehydrogenation of cyclohexane. The amorphous silica layer 
deposited by ALD on Au/TiO2 showed an improved sintering resistance, maintaining a 
comparable activity toward CO oxidation. Attributing to the oxide-gold interaction and the 
improved thermal stability of the porous network, the stabilization of porous gold by Al2O3 
and TiO2 ALD showed a three-fold increase of CO oxidation activity [78]. ALD was also used 
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to directly deposit metal catalyst particles. The uniform 2-3 nm platinum (Pt) nanoparticles 
with a 4-8 nm interparticle spacing were grown on strontium titanate nanocube. The Pt 
nanoparticles were stabilized by the strong epitaxy with SiTiO3 nanocube, resulting in 
improvement of deactivation resistance and inhibiting the complete Pt oxidation [79]. Pt 
nanoparticles decorated on porous carbon aerogel presented high catalytic activity toward 
CO oxidation, even with a Pt loading as low as 0.047 mg·cm-2, around 2 ALD cycles. Nearly 
full conversion was reached at temperature as low as 150 ℃ [80]. 
 
1.4. Conclusion and perspective 
 
ALD technique rapidly developed in the past two decades. It has emerged as the 
technique of choice for the fabrication of various complex nanostructurtures due to the 
ability to coat complex three-dimensional nanostructures and control the thickness at the 
atomic level. Additionally, ALD is capable of composition control and doping foreign 
elements. These features make ALD an excellent tool to fabricate both photoactive layers, 
passivation layers, catalyst layers and performance enhancing layers for energy storage and 
conversion devices. The examples in this chapter demonstrate ALD is an enabling technique 
to synthesize, functionalize, or stabilize high-performance nanomaterials used in energy 
harvesting and storage devices. However, the slow growth rate and the specific chemistry 
requirement of ALD restrict its industry applications. In such case, ALD is still of key 
importance as it can serve as a method to construct and functionalize of three-dimensional 
complex nanostructures for energy storage and conversion. 
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2. Experiments and methods 
 
All experiments and methods throughout this work are depicted in this chapter. This 
chapter presents the fabrication processes of three-dimensional nanostructures based on 
AAO template and carbon nanofiber aerogel derived from bacterial cellulose, with the help 
of ALD, Physical vapor deposition (PVD) and electrochemical deposition in details. And the 
analytical methods that utilized to character the morphology, chemical composition, optical 
properties, conductivity, photoelectrochemical performance, electrochemical performance 
and electromagnetic field distribution. 
 
2.1. Fabrication of three-dimensional nanostructures 
 
2.1.1. Synthesis of nanoporous anodic aluminum oxide template 
 
The synthesis of nanoporous AAO template was realized via a two-step anodization 
process initially proposed by Masuda and Satoh [1]. Figure 2-1 presents the required steps 
and detail experiment conditions in a flow diagram to synthesize AAO template. High purity 
aluminum foils (99.999%) were used as a starting material. Oxalic acid was using as 
electrolyte during the anodization process. And the lead electrode was working as a negative 
electrode. As illuminated in Figure 2-1, the complete synthesis process of AAO template 
consists of three essential steps. They are the pre-treatment of the aluminum foil, the two-
step anodization process and the post-treatment of the AAO, respectively. The high purity 
aluminum foils were washed in an ultrasonic bath with acetone, water, and ethanol for 10 
minutes each to clean and degrease the foils. After that the samples were electrochemically 
polished in a mixture solution of perchloric acid and ethanol (volume ratio 1:7) for 3 minutes 
to remove surface asperities. The as pre-treated aluminum foils were then went through the 
two-step anodization process. The first anodization step was carried out for 6 h with 40 V. 
Thereafter, the formed anodization product was chemically removed at 60 °C in a solution of 
6 wt. % H3PO4 and 1.5 wt. % H2CrO4. Subsequently, using the same experiment conditions as 
the first anodization, the treated specimen was anodized again. During this step, the time of 
the second anodization determines the final thickness of the AAO template, which can be 
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adjusted from a few hundreds of nanometers to several tens of micrometers. That is to say, 
the length of nanopore for AAO could be adjusted from a few hundreds of nanometers to 
several tens of micrometers [2]. Finally, the samples would undergo the post-treatment step, 
which allows the modification of the AAO template in a way to meet the desired 
requirements. Such as the aluminum base can be removed, the pore size can be adjusted 
and the barrier layer can be removed. Here, the AAO templates used in this study were 
fabricated with a second anodization time of 15 minutes and the pore sizes were widened in 
a 5 wt. % H3PO4 solution for 15 minutes at 30 °C. 
 
 
Figure 2-1| The flow diagram presents the fabrication process of nanoporous AAO 
template by a two-step anodization process, and the details of experiment conditions. 
 
2.1.2. Fabrication of three-dimensional Al nanocone array template 
 
The fabrication of highly ordered nanocone arrays based on AAO template was realized by 
a special guided one-step anodization and subsequent wet-chemical etching process [3–6] 
Figure 2-2 shows the flow diagram and experiment conditions to this process in detail.  
 
Raw material
Al foil
Purity: 99.999 %  
Thickness: 250 µm
Cleanning
Ultrasonic bath
Acetone, water, ethanol
Time: 10 min per step
Electropolishing
V HClO4 (60 %) : VC2H5OH = 1:7
Temperature: 0 °C
Voltage: 30 V; Time: 3 min
First anodization
0.3 M H2C2O4
Temperature: 25 °C
Voltage: 40 V; Time: 6 h
Second anodization
0.3 M H2C2O4
Temperature: 25 °C
Voltage: 40 V
Time: 15 min
Oxide removal
6 wt % H3PO4 
+ 1.5 wt % H2CrO4
Temperature: 60 °C
Time: 10 h
Pore widening
6 wt % H3PO4
Temperature: 30 °C
Time: 15 min
Pre-treatm
ent
Tw
o-step
anodization
Post-
treatm
ent
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Figure 2-2| The flow diagram presents the fabrication process of highly ordered nanocone 
array based on AAO template by a special one-step anodization process, and the details of 
experiment conditions. 
 
2.1.2.1. Preparation of Ni imprinting mold 
 
Ni imprinting molds with squarely order nanopillar array are prepared from a Si master 
mold with 800 nm spacing shallow array. The Ni imprinting mold is used in the imprinting 
process on Al foil. 
 
 
Figure 2-3| The flow diagram presents the fabrication process of nickel stamp, and the 
detail experiment conditions. 
Raw material
Al foil
Purity: 99.999 %      
Thickness: 250 µm
Cleanning
Ultrasonic bath
Acetone, water, ethanol
Time: 10 min per step
Electropolishing
V HClO4 (60 %) : VC2H5OH = 1:7
Temperature: 0 °C
Voltage: 30 V; Time: 3 min
Imprinting
Ni stamp (800 nm)      
Pressure: 10 MPa      
Time: 3 min
Anodization
2.5 mL 1 % H3PO4
V4% citric acid : V(CH2OH)2 = 1 : 1
Temperature: 8 °C
Voltage: 320 V; Time: 14 h
Oxide removal
6 wt % H3PO4 
+ 1.5 wt % H2CrO4
Temperature: 60 °C
Time: 10 h
Raw materials
Silicon master with square-arranged nanohole arrays (400 or 800 nm spacing distance)
Cleanning
VH2SO4 : VH2O2 = 3 : 1, water, ethanol, ultrasonication bath, Time: 30min per step 
Surface Modification
V3-APTES : V CH3CH2OH = 1 : 100, Time: 90 min, Temperature: 65 °C
Preparing electrode
PVD 10 nm Au film, deposition speed: 2 Å per sec
Electrodeposition Nickel
0.38 M NiSO4·6H2O, 0.12 M NiCl2·6H2O, 0.5 M H3BO3; Current density: 10 mA·cm-2
Experiments and methods 
 
 
30 
The nickel stamp used in all the experiments was prepared as reported in literature[7,8] 
Figure 2-3 presents the preparing steps and the detail experiment conditions in a flow 
diagram to synthesize nickel stamp. Silicon master mold with nanohole array with spacing 
distance of 400 nm or 800 nm and square-arranged was bought from AMO GmBH. It was 
firstly cleaned in Piranha solution (VH2SO4 : VH2O2 = 3 : 1) for 30 min under ultrasonication 
condition, and subsequently cleaned with water and ethanol with ultrasonication bath. 
Secondly, the cleaned silicon template was surface modified by 1 vol% of 3-
aminopropyltriethoxysilanc (3-APTES) ethanol solution at 65°C for 90 minutes. Then, the 
modified silicon template was deposited 10 nm Au on the surface by physical vapor 
deposition with a deposition speed of 2 Å per second. Finally, the pre-treated silicon 
template was used as the work electrode to deposit a thickness of Ni to form nickel stamp at 
a current density of 10 mA per square centimeter. The silicon master mold could be recycling 
used many times. 
 
2.1.2.2. Imprinting and guided anodization of Al foil 
 
The Al nanocone arrays template is the substrate of the subsequent experiments. It is 
synthesized by a guided anodization on the imprint Al foil and the following precisely 
controlling wet-chemical etching of AAO templates obtain at 320 V as described below. The 
all fabrication processes and morphology changes were illustrated in Figure 2-3 and Figure 2-
4, respectively. 
Firstly, high-purity (99.999 %) aluminum foil with a thickness of 250 µm was used as a 
starting material. It was cleaned by acetone, deionized water and ethanol in ultrasonic bath 
for 10 min, separately. Secondly, after the degreasing and clean, the aluminum foil was 
electrochemically polished in a mixture electrolyte solution with vol. ratio of 1 to 7 of 
perchloric acid and ethanol for 3 minutes to smooth the surface (Figure 2-3a). Next, the 
polished aluminum foil was imprinted with 800 nm spacing ordered nanoshallow array by 
nickel stamp using an oil press under a pressure of 10 MPa for 3 minutes (Figure 2-3b). 
During the imprint process, the nickel stamps should be kept parallel to the aluminum foil. 
After that, the imprinted aluminum foil was anodized for 14 hours in a mixture solution of 
2.5 mL 1 % H3PO4, and vol ration of 1 to 1 of 4 % acidic acid and ethylene glycol at 8 °C and 
320 V for different anodization time (Figure 2-3c). The anodization voltage is chose to satisfy 
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the linear relationship between the interpore spacing and the anodization potential (2.5 
nm·V−1). In order to expose Al nanocone array, the AAO template is etched away in a mixture 
of chromium acid (1.5 wt %) and phosphoric acid (6 wt %) solution at 60 °C for 10 h (Figure 
2-3d). After the etching, the Al nanocone array (NCA) is cleaned with DI-water and blown dry 
with air gun for the subsequent materials deposition. The morphology change after the 
anodization of sample to Al nanocone array was schematically illuminated below in Figure 2-
5. 
 
Figure 2-4| The illustrating fabrication process of highly ordered nanocone array based on 
AAO template by a special one-step anodization process: (a) Electropolishing; (b) 
Imprinting; (c) Anodization; and (d) Wet-chemical etching. 
 
Figure 2-5| The schematic illumination of morphology change for Al nanocone array 
fabrication. 
(c)
(a) (b)
Chemical etching
(d)
AAO removing
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2.1.3. Assembling of three-dimensional porous poly-styrene sphere template 
 
 
Figure 2-6| (a) The flowchart displays the procedure to fabricate colloidal crystal template 
by poly-styrene spheres via a vertical deposition process, including required pre-
treatments and detail experiment conditions. (b) Schematic illustration of the fabrication 
of colloidal crystal template by poly-styrene spheres via a vertical deposition process. 
Besides the AAO template, poly-styrene sphere (PS) is served as an efficient candidate to 
construct three-dimensional macro-mesoporous architecture. As intensively researched, the 
self-assembly of periodic colloidal “opal” template can direct the deposition of functional 
materials to yield nanoporous “inverse opal” structures [9,10]. The assembled inverse opal 
architecture can exhibit a high degree of interconnected porosity with extremely uniform 
size and periodic distributions of pores. Figure 2-6a shows the required steps and detail 
experiment conditions in a flow diagram to assemble of PS template. As illuminated in Figure 
2-6b, the self-assemble of inverse opal template has three sequential steps. They are 
Raw material
Glass slide 1 cm x 2 cm
Cleanning and hydrophilic treatment
Ultrasonic bath Acetone, water, ethanol Time: 10 min per step
H2SO4:H2O2:H2O (volume ratio 3:1:1) Time: 10 min
Vertical deposition
0.5 wt % polystyrene latex Temperature: 60 °C
(a)
(b)
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assemble of a colloidal crystal template by poly-styrene spheres; deposition of functional 
materials; and finally selective removal of the colloidal crystal template to yield an inverse 
porous structures.  
Here, in this study, the 500 nm diameter of poly-styrene sphere was selected as a starting 
material. And in this section, only presents the assembling process of a colloidal crystal 
template by the selected poly-styrene spheres. Glass was cleaned and degreased under 
sonication bath with acetone, water, and ethanol for 10 minutes each. And then the glasses 
were treated with the H2SO4:H2O2:H2O (volume ratio 3:1:1) solution for a few seconds to 
make the surface hydrophilic. The colloidal crystal template comprising poly-styrene spheres 
arranged on a face-centered cubic lattice was fabricated via the vertical deposition method. 
The glass substrates were immersed vertically in the 0.5 wt % poly-styrene latex at 60 °C in a 
vacuum oven. The drying of the sample at very low speed in the presence of moisture 
prevented the occurrence of cracking on the sample.  
 
2.1.4. Construction of three-dimensional Al doped ZnO transparent electrode 
 
Transparent conducting oxide (TCO) materials are utilized as electrode materials in a wide 
variety of optoelectronic devices. The most commonly used TCO material is ITO, because of 
its high conductivity and optical transparency over visible wavelengths. However, the 
scarcity and high cost of indium limit the industry application. One of the most commonly 
cited alternative materials is Al-doped ZnO (AZO).  
 
Table 2-1| The experiment details of AZO deposited by ALD 
Substrate Temperature(°C) Zn:Al (cycle ratio) 
AAO 
90 1:0 5:1 10:1 15:a 20:1 25:1 
110 1:0 5:1 10:1 15:a 20:1 25:1 
150 1:0 5:1 10:1 15:a 20:1 25:1 
200 1:0 5:1 10:1 15:a 20:1 25:1 
250 1:0 5:1 10:1 15:a 20:1 25:1 
PS 110 1:0 5:1 10:1 15:a 20:1 25:1 
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Because of its unique ability to conformal coat high-aspect-ratio structures with pin hole 
free films on a variety of surfaces, atomic layer deposition has arising much attention. The 
self-limiting surface chemistry of ALD half-reactions, the thickness of films grown by ALD can 
be controlled with subnanometer precision simply by controlling the number of ALD cycles. 
This combination of conformality with atomic precision has allowed the development of 
varieties of new nanofabrication processes and devices. 
During my works, the ALD deposition is conducted in a Picosun SUNALE TM R150 ALD 
System. Diethylzinc (DEZ), trimethylaluminum (TMA), and DI-water were used as the Zn, Al 
and O precursors, respectively. All the chemicals were purchased from Sigma-Aldrich. And 
the high purity N2 (99.999 %) was used as carrying gas. The detailed experiment conditions 
were illuminated in Table 2-1. Typically, the deposition was performed with reactor chamber 
temperature at 200 °C. The carrying gas was kept at 100 sccm during the deposition period. 
The growth process was presented in Figure 2-7. After 20 cycles of ZnO deposition, one cycle 
of Al2O3 was deposited. One complete AZO growth process is: ((0.1 s DEZ pulse – 6 s N2 
purge – 0.1 s DI water pulse – 6 s N2 purge) x 20 cycles – 0.1 s TMA pulse – 6 s N2 – 0.1 s DI 
water – 6 s N2 purge).The growth rate of AZO is about 1.0 nm per cycle. 
 
 
Figure 2-7| The flow diagram presents the ALD growth of AZO transparent electrode and 
the detail experiment conditions. 
 
DEZ 0.1 s pulse
DI water 0.1 s pulse
TMA 0.1 s pulse
DI water 0.1 s pulse
N2 6 s purge
N2 6 s purge
N2 6 s purge
N2 6 s purge
X 20 cycles
X 1 cycle
X n cycles
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Figure 2-8| Schematic illustration of the three-dimensional AZO fabricated based on 
anodic aluminum oxide and poly-styrene sphere templates via ALD process: (a) the 
deposition of AZO on AAO template, (b) the cross-section of deposition AZO and selective 
removal of AAO, (c) the deposition of AZO on Al nanocone array template which 
synthesize by unique printing AAO template, and (d) the deposition of AZO and removal of 
colloidal crystal template vertically deposited by poly-styrene spheres. 
 
Because of its unique ability to conformal coat high-aspect-ratio structures with pin hole 
free films on a variety of surfaces, atomic layer deposition has been applied to grow three-
dimensional AZO transparent electrode for devices. The three-dimensional transparent 
electrode AZO fabricated by ALD based on anodic aluminum oxide and poly-styrene sphere 
(a)
ALD AZO Remove AAO
(b)
(c)
(d)
AAO AZO
ALD AZO
ALD AZO
ALD AZO Remove PS
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(PS) templates was schematically illuminated below in Figure 2-8. The nanostructures of the 
three-dimensional AZO deposited on AAO were operated at 200 °C with Zn to Al ALD 
monolayer cycle ratio of 20 to 1. However, because of the unique thermal stability property 
of poly-styrene sphere, the deposition of AZO based on PS template was operated at 90 °C. 
The others experiment conditions were the same as that AZO deposited on AAO fabricated 
nanostructures. After the deposition process, the sample was put into a muffle furnace. And 
then heating the furnace to 400 °C with a heat rising speed of 2 °C per minute, and kept at 
400 °C for 1 hour under atmosphere condition to remove the PS template and crystallize the 
deposited AZO. 
 
2.1.5. Fabrication of three-dimensional AZO/TiO2/Au nanocone array 
 
2.1.5.1. Atomic layer deposition of TiO2 nanocone array 
 
 
Figure 2-9| (a) The ALD growth of TiO2 nanocone arrays based on AAO template, and the 
detail experiment conditions; (b) Schematic illustration of the TiO2 nanocone arrays grown 
on three-dimensional AZO surface via ALD process. 
The ALD growth of TiO2 nanocone array on AZO nanocone array is similar to the growth of 
AZO nanocone array as present in section 2.2.1. TiCl4 and DI-water were acted as Ti and O 
precursor, separately. The deposition was performed in reactor chamber temperature at 
TiCl4
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300 °C. The carrying gas was kept at 100 sccm during the deposition period. The growth 
process and growth condition were presented in Figure 2-9a. One complete TiO2 growth 
process is: 0.1 s TiCl4 pulse – 6 s N2 purge – 0.1 s DI water pulse – 6 s N2.The growth rate of 
TiCl4 is about 0.6 nm per cycle. The surface change is schematically illuminated below in 
Figure 2-9b. 
 
2.1.5.2. Surface modification of Au nanoparticle  
 
Au thin film was evaporated by physical vapor deposition (Kurt J. Lesker). Well-dispersed 
Au NPs on the surface of the nanocone arrays was obtained after the annealing process at 
350 °C for 10 min with a heating rate of 2 °C per minute in muffle furnace and then naturally 
cooled down to room temperature, as shown in Figure 2-10. 
 
 
Figure 2-10| The flow diagram presents the decoration of Au nanoparticles. 
 
2.1.6. Construction of three-dimensional Pt/MnO2 nanotube array 
 
2.1.6.1. Fabrication of regular nanopore array 
 
The fabrication of highly ordered nanopore arrays based on AAO template was realized by 
a special guided one-step anodization process. It is similar to the fabrication process 
descripted in Figure 2-1, but the anodization details are different [3,8]. The differences are 1): 
the nanorod spacing distance of imprint nickel stamp is 400 nm, 2) the anodization voltage is 
160 V, 3) temperature is 15 °C and 4) the anodization solution is 0.3 M H3PO4. After the 
anodization process, the formed pore size could be adjusted by opening-pore process with 5 % 
H3PO4 solution at 30 °C for different time. The whole fabrication process was illustrated in 
Figure 2-11a. The home-made anodization system with automatic linear temperature 
PVD
Au
Thickness: 2-10 nm
Speed: 2 Å per sec
Annealing
muffle furnace
Temperature: 350 °C
Time: 10 min 
Heating rate: 2 °C per min
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controlling programming and the schematic diagram of anodized nanopore array template 
are shown in Figure 2-11b and c, respectively. 
 
 
Figure 2-11| (a) The flow diagram presents the fabrication process of highly ordered 
nanopore arrays based on AAO template, and the detail experiment conditions. (b) The 
home-made anodization system with automatic linear temperature controlling 
programming. (c) The schematic diagram of anodized nanopore array template.  
 
2.1.6.2. Atomic layer deposition of Pt nanotube array 
 
The fabrication of Pt NT arrays is conducted in a Picosun SUNALETM R150 ALD System. And 
the nanopore array AAO template was prepared in section 2.4.1 used as substrate. The pre-
patterned AAO template was further etched in a H3PO4 solution (5 wt%) at 30 °C for 90 min 
Raw material
Al foil
Purity: 99.999 %      
Thickness: 250 µm
Cleanning
Ultrasonic bath
Acetone, water, ethanol
Time: 10 min per step
Electropolishing
V HClO4 (60 %) : VC2H5OH = 1:7
Temperature: 0 °C
Voltage: 30 V; Time: 3 min
Imprinting
Ni stamp (400 nm)
Pressure: 10 MPa      
Time: 3 min
Anodization
0.3 M H3PO4
Temperature: 15 °C      
Voltage: 160 V
Time: 5-30 min
Opening Pore
5 %  H3PO4 
Temperature: 30 °C
Time: 1 min ~ 3 h
(a)
(b) (c)
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to open the size of the nanopore. The as-prepared template as substrate would be used in 
the subsequent experiments. 
The as-prepared template was put into the ALD reactor chamber. And the ALD reactor 
chamber was maintained at a temperature of 300 °C and the chamber pressure varied from 
8 hPa to 30 hPa under different growth processes. The temperature of Pt(MeCp)Me3 
precursor cylinder was held at 80 °C. A typical conventional ALD growth cycle consists of four 
steps: Pt(MeCp)Me3 pulsing (1.3 s) – N2 purging (18 s) – O2 pulsing (1.3 s) – N2 purging (18 s). 
The N2 carrying gases were kept at 100 sccm and the pressure of the reaction chamber was 
about 8 hPa during the growth. For our innovative ALD growth cycle, it consists of six steps: 
Pt(MeCp)Me3 pulsing (1.3 s) – low N2 filling (30 s) -N2 purging (18 s) – O2 pulsing (1.3 s) – low 
N2 filling (30 s) – N2 purging (18 s). During the low N2 filling step, the N2 carrying gas flows 
were decreased to 60 sccm and the pressure of the chamber was gradually raised up to 
about 21 hPa. For the other steps, the N2 carrying gas flows were still kept at 100 sccm. 
When 60 s and 90 s low N2 filling steps were used, the chamber pressure would be increased 
up to about 24 hPa and 30 hPa, respectively. Figure 2-12 presents the schematic diagram of 
Pt nanotube array growth by ALD. 
 
 
Figure 2-12| Schematic diagram of Pt nanotube array growth by ALD via conventional Pt-
ALD process (blue line) and a low filling N2 process (orange dot line). 
 
2.1.6.3. Electrochemical deposition of MnO2 
 
The synthesized processes and experiment details were schematically illuminated below 
in Figure 2-13a. After the growth of Pt nanotube array by ALD, polydimethylsiloxane (PDMS, 
Sylgard 184 Dow Corning) was poured on the alumina template and was baked at 60 °C for 4 
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h. The backside aluminum was removed by a mixture solution (3.4 g copper chloride, 100 mL 
hydrochloric acid and 100 mL deionized water). Pt nanotube arrays were released by 
dissolving the alumina template in a NaOH solution (1.0 M) for 1 h, followed by a rinsing 
process with deionized water. Subsequently, manganese oxide (MnO2) was deposited at a 
constant potential of 0.7 V using an aqueous solution of manganese acetate (100 mM) and 
sodium sulfate (100 mM). The potential was measured versus an Ag/AgCl reference 
electrode. And a Pt foil was used as the counter electrode. The mass of the MnO2 was 
determined from the charges passed during electrochemical deposition and assumed 100 % 
efficiency. The deposition system is present in Figure 2-13b. 
 
 
Figure 2-13| (a) The flow diagram presents the fabrication process of electrochemical 
deposition of MnO2 on the ordered Pt nanotube arrays based on AAO template, and the 
detail experiment conditions. (b) The system of electrochemical deposition of MnO2. 
Coating with PDMS
polydimethylsiloxane (PDMS, Sylgard 184 Dow Corning), 65°C  for 4 h
Removing backside aluminum
mixture solution (3.4 g copper chloride, 100 mL hydrochloric acid and 
100 mL deionized water)
Dissolving  alumina template
NaOH solution (1.0 M) for 1 h
Electrochemical deposition of MnO2
constant potential of 0.7 V
aqueous solution of manganese acetate (100 mM) and sodium sulfate (100 mM)
  
(b)
(a)
5 °  f
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2.1.7. Surface modification of Pt nanoparticles for three-dimensional Pt/Carbon nanofiber 
aerogel 
 
2.1.7.1. Preparation of three-dimensional carbon nanofibers aerogel derived from 
bacterial cellulose 
 
Purified bacterial cellulose (BC) pellicle with fiber content of ~1% (vol/vol) was provided 
by Yu Lab (University of Science and Technology of China) [11,12] As flowing diagramed in 
Figure 2-14, the wet BC pellicles were first cut into rectangular shape with sharp blade, then 
frozen in liquid nitrogen and then freeze-dried in a bulk tray dryer at a sublimating 
temperature of -50 °C and a pressure of 0.04 mbar. The dried BC aerogel was then pyrolysed 
under flowing N2 at 800 °C to generate black three-dimensional bacterial cellulose nanofiber 
(BCF) aerogel. 
 
 
Figure 2-14| Schematic illustration of the preparation of the three-dimensional bacterial 
cellulose nanofiber aerogel sample. 
 
2.1.7.2. Surface modification of ultra-small Pt nanoparticle by atomic layer deposition 
 
The highly dispersed Pt particles decorated on three dimensional carbon nanofibers 
aerogel derived from bacterial cellulose, was prepared as the similar process of Pt nanotube 
array growth by ALD descripted in section 2.1.4. The as-prepared carbon nanofibers aerogel 
was put into the ALD reactor chamber and the chamber was maintained at a temperature of 
220 °C, the chamber pressure value was kept at 26 hPa. The temperature of Pt(MeCp)Me3 
Step1: Freeze Drying Step2: Anneaing in N2
BC Hydrogel BC Aerogel BCF Aerogel
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precursor cylinder was held at 80 °C. A typical growth process consists of six steps: 
Pt(MeCp)Me3 pulsing (1.0 s) – low N2 filling (30 s) -N2 purging (90 s) – O2 pulsing (1.0 s) – low 
N2 filling (30 s) – N2 purging (90 s). During the low N2 filling step, the N2 carrying gas flows 
were decreased to 60 sccm and the pressure of the chamber was gradually raised up to 
about 26 hPa. For the other steps, the N2 carrying gas flows were still kept at 100 sccm. The 
growth cycles were less than 10 (Figure 2-15). 
 
 
Figure 2-15| Schematic illustration of the surface modification of ultra-small Pt 
nanoparticles on the three-dimensional bacterial cellulose nanofiber aerogel. 
 
2.2. Characterization of as-prepared specimens 
 
2.2.1. Ultraviolet-visible absorption spectroscopy 
 
The optical properties of prepared samples were investigated by ultraviolet-visible 
absorption spectroscopy (UV-vis spectroscopy). UV-vis spectroscopy is based on the 
principle of electronic transition in atoms or molecules upon absorbing suitable energy from 
an incident light that allows electrons to excite from a lower energy state to higher excited 
energy state [13]. While interaction with infrared light causes molecules to undergo 
vibrational transitions, the shorter wavelength with higher energy radiations in the UV (200-
400 nm) and visible (400-700 nm) range of the electromagnetic spectrum causes many 
atoms/molecules to undergo electronic transitions. They were carried out on Varian Cary 
5000 UV-VIS-NIR spectrophotometer. The samples were investigated the reflection 
information. It contains specular reflectance, which is the mirror-like reflection of a sample 
BCF Aerogel
ALD Pt Particles
Pt/BCF
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surface; and diffuse reflectance, which occurs when the surface reflects light in many 
different directions, giving a matt appearance surface. 
 
2.2.2. Electroconductivity characterization  
 
2.2.2.1. Four point probe method 
 
A four point probe is a simple apparatus for the measurement of the resistivity of samples. 
The square resistances of the prepared transparent AZO electrode and Pt nanotube arrays 
were determined by four point probe method on probe station. As shown in Figure 2-16, the 
sheet resistivity of the electrode layer was very easy to measure experimentally. A current 
was passed through the outer probes and induced a voltage in the inner voltage probes. The 
sheet resistivity was determined as [14]: 
 
𝜌∎ = 
𝜋
ln (2) 𝑉𝐼  
 
Where 𝜌∎ is sheet resistivity; 
𝜋
ln (2) = 4.53; V is probe voltage; I is probe current. 
 
 
Figure 2-16| The work principle of four point probe method. 
 
2.2.2.2. Probe station  
 
    The probe station utilizes manipulators which allow the precise positioning of thin needles 
on the surface of a semiconductor device to physically acquire signals from the internal 
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s s s
V
I
Experiments and methods 
 
 
44 
nodes of a semiconductor device. The cuurent-voltage (I-V) curves of the Pt nanotube array 
were recorded by probe station which connected with the Keithley 2612B. 
 
2.2.3. X-ray photoelectron spectroscopy 
 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic 
technique that measures the elemental composition at the parts per thousand range, 
empirical formula, chemical state and electronic state of the elements that exist within a 
material [15]. The spectra are obtained by irradiating a material with a beam of X-rays while 
simultaneously measuring the kinetic energy and number of electrons that escape from the 
top 0 to 10 nm of the material being analyzed. It requires high vacuum (P ~ 10−8 millibar) or 
ultra-high vacuum (UHV; P < 10−9 millibar) conditions, although a current area of 
development is ambient-pressure XPS, in which samples are analyzed at pressures of a few 
tens of millibar. XPS was utilized to verify the chemical states of prepared samples in the 
whole work. All XPS measurements were recorded on a VG MultiLab 2000 system with a 
monochromatic Al Kα source operated at 300 W. 
 
2.2.4. Field emission scanning electron microscopy 
 
The field-emission scanning electron microscopy (FE-SEM) is a state-of-the-art electron 
microscope, which is an analytical method to investigate the morphology of specimen in 
micro-nanometer regime. The field-emission cathode in the electron gun of microscope 
provides high electronenergy, while as well as narrower probing beam at low, allowing for 
ultra-high resolution electron imaging (>10 nm at 1 kV) for samples. Even the conductivity of 
the samples is not good. And it also minimizes the damage of samples. Therefore, in this 
work, the FE-SEM images were almost exclusively utilized to investigate the nanostructure 
morphologies of the prepared samples. All measurements were performed on an ultra-high 
resolution Hitachi S4800 FE-SEM and Auriga Zeiss FIB at around 5 nm working distance with 
acceleration voltages in the range of 3-15 kV, and a resolution of 1 to 2 nm. More details on 
the working principle of a FE-SEM can be found in literatures [16]. 
 
2.2.5. Transmission electron microscopy 
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Transmission electron microscopy (TEM) is a microscopy technique in which a beam of 
electrons is transmitted through an ultra-thin specimen (the thickness is less than 200 nm), 
interacting with the specimen as it passes through. An image is formed from the interaction 
of the electrons transmitted through the specimen; the image is magnified and focused onto 
an imaging device. Owing to the small Broglie wavelength of electrons, TEM could capable of 
imaging at a much higher resolution than FE-SEM (sub-nanometer resolution and even single 
atom resolution). Thus, the TEM and scanning transmission electron microscopy (STEM) of 
JEOL JEM-2010F with an acceleration voltage of 200 kV were used in this work to study fine 
details, especially the crystal structures of the prepared samples. The more details for the 
work principles of TEM are widely discussed and can be found in literatures [17]. The TEM 
samples were prepared on a Quantifoil R 2/2 TEM grid with a Cu 400 mesh and a 12 nm thick 
holey carbon film (hole size 2 µm, period 4 µm). The sample with ethanol in vessel was 
placed into an ultrasonic bath for some minutes. After that, a single drop of the solution is 
dispersed on a TEM grid and dried at ambient condition. 
 
2.2.6. Energy dispersive X-Ray spectroscopy 
 
Energy dispersive X-Ray spectroscopy (EDS) was utilized to study the chemical 
composition and elements distribution of samples [18]. The EDS system on FE-SEM and TEM 
detects X-rays emitted from the sample as a result of the high-energy electron beam 
penetrating into the sample. X-ray spectra can be collected and analyzed, yielding 
quantitative elemental information about the sample. Most of elements could be detected 
at concentration on the order of around 0.1 wt%. EDS line scanning and EDS mapping also 
were performed in this work. 
 
2.2.7. Photoelectrochemical characterization 
 
2.2.7.1. Photocurrent 
 
The photocurrent in this work was characterized by an electrochemical analyser (BioLogic 
SP-200) under solar light irradiation. The solar light was provided by a solar simulator 
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(Newport solar simulator with 300 W Xenon lampe, AM 1.5 global filter). The simulator 
provides a controllable indoor test facility under laboratory conditions for the testing of solar 
storage and conversion devices. In this work, it is calibrated to 100 mW·cm-2 (1 sun) by a Si 
photodiode (Newport Model 818). The optical filter of 420 nm and 450 nm cut-off were used 
to cut off the light wavelength small than 420 nm and 450 nm, respectively. And the 
photocurrents were performed in a standard three-electrode system with prepared samples 
as working electrodes, a Pt mesh as the counter electrode, and Ag/AgCl as a reference 
electrode. All three electrodes were placed in a quartz cell. And the 0.1 M Na2SO4 aqueous 
solution was used as the electrolyte which was bubbled by high-purity N2 thoroughly to 
remove the dissolved oxygen before the measurement. 
 
2.2.7.2. Incident photo-to-current efficiency 
  
The incident photo-to-current efficiency (IPCE) is a measure of how efficiently the device 
converts the incident light into electrical energy at a given wavelength. The external 
quantum efficiency and internal quantum efficiency are two types of efficiency. They are the 
ratio between the number of collected carriers and the number of all the incident photons 
on the device active area, or all the absorbed photons by only the active absorber at a given 
wavelength, respectively. In this work, the IPCE was investigated by QEPVSI-b quantum 
efficiency measurement system from Newport without the applying of bias. 
 
2.2.8. Electrochemical characterization 
 
For the electrochemical characterization of Pt/MnO2 supercapacitor and Pt/BCF 
electrocatalyst for hydrogen evolution reaction, all the measurements were performed on a 
Bio-Logic VSP electrochemical work station in ambient condition. The three-electrode 
measurement system was used during the test period. It contains a working electrode 
(prepared samples), counter electrode (1 cm2 platinum foil) and Ag/AgCl reference electrode 
(3 M KCl). The specific capacitance, cycle stability and impedance spectroscopy were 
performed via this system. The 1.0 M Na2SO4 was used as electrolyte to test the 
performance of Pt/MnO2 supercapacitor. Cyclic voltammetry was carried out at scan rates 
from 5 to 100 mV·s-1. Galvanostatic charge/discharge cycling was measured at different 
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current densities from 2 to 100 A·g-1. A potential window in the range of 0-0.9 V was used in 
all measurements of Pt/MnO2 supercapacitor. 
For the electrocatalytic performance of Pt/C electrodes, 2 mg of as-prepared catalyst (or 
commercial Pt/C catalyst (10 wt % loading, Sigma-Aldrich)) was dispersed in 0.98 mL of 
isopropanol and 20 µL Nafion 117 solution (Sigma-Aldrich), followed by sonication till well-
dispersed ink, and then 30 µL of the catalyst ink was spin-coated on 1 cm x 1 cm carbon 
paper (Toray, Japan), and dried under room temperature. The prepared carbon paper was 
used as the work electrode. Saturated calomel electrode (SCE) and platinum plate were used 
as reference and counter electrodes, respectively. All potentials in this work were converted 
to that of reversible hydrogen electrode (RHE) through RHE calibration described in 
literature [19,20]. In our system, ERHE = ESCE + 0.272 V. 
Before the electrochemical measurement, the electrolyte (0.5 M H2SO4) was degassed by 
bubbling with high-purity N2 for 30 min. The polarization curves were obtained by sweeping 
the potential from -0.7 to -0.2 V versus SCE, with a scan rate of 5 mV·s-1. The data were 
recorded after applying a number of potential sweeps until being stable. The polarization 
curves were re-plotted as overpoetenial (η) versus log current (log J) to get Tafel plots for 
assessing of the HER activities of investigated catalysts. By fitting the linear portion of the 
plots to the Tafel equation (η = b log(j) + a), the Tafel slope (b) can be obtained. The 
accelerated stability tests were performed in N2-satureated 0.5 M H2SO4 solution at room 
temperature by potential cycling between -0.7 to -0.2 V versus SCE at a sweep rate of 100 
mV·s-1 for 1000 cycles. At the end of the cycles, the resulting electrode was used for HER 
polarization and CV curves at a sweep rate of 5 mV·s-1. All the polarization curves were 
corrected with iR-compensation. 
 
2.2.9. Finite-difference time-domain simulation 
 
Finite-difference time-domain simulation (FDTD) solutions is a 3D Maxwell solver, capable 
of analyzing the interaction of UV, visible, and IR radiation with complicated structures 
employing wavelength scale features [21,22]. FDTD has been identified as the preferred 
method for performing electromagnetic simulations for photoelectrochemical cells. In this 
work, in order to identify the light utilization of the prepared nanostructure arrays, the FDTD 
was applied to simulate the electromagnetic field distribution and the accordingly photo 
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absorption of simples. It could provide a support to the experiment results as well as a 
consultant to optimize the structure and composition. The parameters of the AZO/TiO2 NCA 
were derived from the SEM image and a sparse density of Au NPs with the size of 18 nm was 
used for the simulation. 
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3. Atomic layer deposition fabrication of three-dimensional Al-doped ZnO 
for transparent electrode 
 
3.1. Introduction 
 
Kapitel 1 Transparent conductive electrodes are optically transparent and electrically 
conductive electrodes [1][2][3]. In recent years, transparent conductive electrodes are 
widely used in optical-electronic devices such as solar cells [2][4], displays, organic light-
emitting diodes [5][6], and touch screens [7][8]. The fabrication of low-cost thin films and/or 
complex nanostructures acting as transparent conductive electrodes is one of the most 
important issues in developing and commercialization of new generations of photovoltaic 
and optoelectronic devices. The most conventionally and commercially used transparent 
conductive electrode material is indium tin oxide [9][10], because of its good optical 
transparency over visible light wavelengths and high conductivity. However, the continuous 
consumption of the rare indium year by year results the great price increasing of ITO and the 
depletion of indium in the near future as well [11][12]. Therefore, a lot of research efforts 
have been put into looking forward an appropriate alternative of ITO.  
Kapitel 2 Other transparent conductive oxides [13][14], conductive polymers [15][16], 
metal grids [17][18], and carbon nanotubes [19][20], graphene [21][22], carbon nanowires 
[23][24], and ultrathin metal films [25][26] all show possibility in some applications. Amongst 
the variety of materials investigated for the transparent conducting electrode, aluminum-
doped zinc oxide (AZO) is regarded to be one of the most prospective transparent 
conducting oxides to serve as a replacement of ITO [27][28]. Although the optoelectronic 
properties of ITO are superior to that of AZO, the abundant and non-toxic as well as 
inexpensive of Zn and Al are prominent in industry applications. In addition, the electrical 
and optical properties, such as the conductivity and optical transmittance of AZO could be 
easily controlled by adjusting the impurity doping concentration of aluminum [29][30]. 
Kapitel 3 AZO films are easily fabricated using various deposition methods. It has been 
prepared using various techniques such as chemical vapor deposition [31][32], electron 
beam evaporation [33][34], pulsed laser deposition [35][36], direct-current and radio-
frequency magnetron sputtering [37][38], spray pyrolysis [39][40], solution deposition 
Atomic layer depostion fabrication of three-dimensional  
Al-doped ZnO for transparent electrode 
 
 
52 
[41][42] and so on. The fabricated AZO electrode showed a low resistivity values on the 
order of 10-4 Ω cm and high transmittance of > 80% for visible light wavelengths. However, 
the drawbacks such as physical damage to the film surface and the lack of in situ control of 
the impurity doping concentration of those conventional deposition methods limit the wide 
application of AZO. Moreover, the new-generation of devices, especially the new generation 
of optoelectronic devices demand not only flat film transparent conducting films, but also 
high-aspect-ration transparent conducting micro/nanostructures. It is hard to be achieved by 
the traditional deposition methods [43]. Thus, it is important and urgent to develop a 
strategy which could fabrication complex architecture transparent conducting  
Recently, the new deposition method, atomic layer deposition has received increasing 
attention in the fabrication of transparent conducting films. As shown in Table 3-1, with the 
benefit of sequential, self-limiting and surface controlled gas phase chemical reactions of 
ALD half-reactions, the dense, crack-, defect- and pinhole-free film could be obtained 
[36,44–52]. And the thickness, structures and chemical characteristics of ALD films can be 
precisely controlled on atomic scale. The most significant aspect of ALD is the unique ability 
to conformal coat high-aspect-ratio structures with pinhole-free films on a variety of 
surfaces [53–56]. However, the majority of the previously reported works are focus on flat 
ALD AZO films. The fabrication of complex AZO structures by ALD is rarely reported. 
Therefore, in this chapter, the detailed fabrication of three-dimensional complex 
nanostructures AZO based on anodic aluminum oxide and poly styrene sphere (PS) 
templates, and the corresponding characterization of as-prepared AZO nanostructures were 
performed. 
 
Table 3-1| AZO films deposited by ALD process 
Zn 
precursor Al precursor O precursor Zn:Al 
Temperature 
(oC) Ref. 
diethyl zinc 
(DEZ) 
dimethylaluminum 
isopropoxide (DMAI) water 17:1 150~250 [44] 
diethylzinc trimethylaluminium water 19:1 200 [45][46] 
diethyl zinc trimethyl aluminum water 20:a 150 [47] 
diethyl zinc trimethyl aluminum water 15:1 200 [57] 
diethyl zinc trimethyl aluminum water 13:1~27:1 140~220 [48] 
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diethyl zinc trimethyl aluminum water 9:1~49:1 200 [49] 
diethyl zinc trimethyl aluminum water 24:1 110, 140 [50] 
diethyl zinc trimethyl aluminum water 20:1 150~325 [51] 
diethyl zinc aluminum isopropoxide water 19:1 200 [52] 
 
3.2. Results and discussion 
 
    In this section, the three-dimensional AZO nanostructures were fabricated based on AAO 
and PS template by ALD. The thicknesses, optical and electronic properties of AZO were 
controlled by adjusting the growth temperature, ALD growth cycle numbers and doping 
concentration of Al. The experiment operated as described in section 2.1.4.  
 
3.2.1. Morphology analysis 
 
In this section, the morphology characteristics of the three-dimensional AZO nanostructure 
fabricated by ALD process based on AAO and PS template were investigated by SEM. 
 
3.2.1.1. Three-dimensional AZO nanostructure based on AAO 
 
Figure 3-1 shows the three-dimensional AZO nanostructure fabricated based on AAO 
template by ALD process. As can be seen in Figure 3-1a, the as-prepared fresh AAO template 
with a pore size around 50 nm. After post-treated with 5 wt % of H3PO4 solution at 30 °C for 
15 min, the pore size enlarged to around 70 nm (Figure 3-1 b and c). These post-treated AAO 
samples were used as substrate to deposit AZO by ALD technique. As presented in Figure 3-
1d, after deposition of AZO as described in section 2.1.4 with Zn to Al monocycle ratio of 20 
to 1 at 200 °C for 10 repeat ALD cycles, the cross-section of sample presented tube like 
morphologies. After selective removal of AAO substrate, they are top-connected three-
dimensional AZO nanotube array (Figure 3-1e). The broken area in Figure 3-1f clearly 
presents the tube morphology of AZO fabricated by ALD process. 
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Figure 3-1| The SEM images of the as-prepared and post-treated AAO template, and the 
fabricated three-dimensional AZO tube array based on the prepared AAO template. (a) 
Fresh AAO template, (b) 15 min wide-pore treatment of AAO template, (c) the cross-
section SEM image of post-treated AAO template, (d) the cross-section SEM image of post-
treated AAO template deposited AZO by ALD, (e) side-view of the AZO nanostructure 
selectively removed AAO of sample in (d), (d) the AZO nanotubes. 
 
The precise control of the thickness of deposited materials is one of the main unique 
properties of ALD technique. The thickness of AZO fabricated based on AAO template also 
could be precisely controlled by changing the deposition ALD repeat cycle numbers. The 
morphology changes were presented in Figure 3-2. As can be found in the presented SEM 
images, with the increase of repeat cycle numbers, the thickness of AZO nanotube in AAO 
pores increased as well.  
From the SEM images, it can be calculated that the growth speed of AZO at the deposition 
condition is about 1 Å per cycle. That is to say, for each repeat cycle, the AZO has a thickness 
of 2 nm. The morphology of three-dimensional AZO nanocone array which fabricated based 
on Al nanocone template presents in chapter 4. 
 
100 nm 100 nm 200 nm
200 nm 500 nm500 nm
(a) (b) (c)
(d) (e) (f)
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Figure 3-2| The SEM images of the as-prepared three-dimensional AZO tube array based 
on the prepared AAO template with different deposition ALD repeat cycle numbers: (a) 5 
repeat cycles, (b) 10 repeat cycles, and (c) 20 repeat cycles. And the corresponding AZO 
tube array after selectively removed AAO: (d) 5 repeat cycles, (e) 20 repeat cycles, and (f) 
30 repeat cycles. 
 
3.2.1.2. Three-dimensional AZO nanostructure based on PS 
 
Besides the AAO template fabricated three-dimensional nanostructures, the colloidal 
crystal template vertically deposited by poly-styrene spheres also used as one of the 
fabrication templates. The morphology of the three-dimensional AZO nanostructure 
fabricated via PS template was displayed in Figure 3-3. As shown in Figure 3-3a, the poly-
styrene spheres constructed colloidal crystal template has a smooth surface. And those poly-
styrene spheres were regularly self-assembled. After the deposition of AZO by ALD process 
at 90 °C, the morphology of the colloidal crystal template was still as before (Figure 3-3b). 
But the surface was not as smooth as bare colloidal crystal template deposited by poly-
styrene spheres (Figure 3-3c and d). 
 
(a) (b) (c)
(d) (e)
200nm 200nm 200nm
100nm 100nm 100nm
(f)
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Figure 3-3| (a) The SEM images of the as-prepared three-dimensional colloidal crystal 
template vertically deposited by poly-styrene spheres. (b) The top view of colloidal crystal 
template coated with 10 repeat cycles of AZO. (c-d) The SEM images of the chapped area 
of colloidal crystal template deposited with 10 repeat cycles of AZO. 
 
As described in section 2.1.4 and schematic illustrated in Figure 2-8d, after the ALD 
deposition of AZO on three-dimensional colloidal crystal template vertically deposited by 
poly-styrene spheres, the poly-styrene spheres were removed via thermal treatment to 
obtain the three-dimensional nanoporous structures. As displayed in Figure 3-4, after the 
high temperature thermal treatment at atmosphere condition, the regular appearance of 
the colloidal crystal template still maintained. Compering with the fresh ALD deposited 
colloidal crystal template, the surface of the template was smoother after thermal 
treatment. After the thermal treatment, the poly-styrene spheres were disappeared left the 
porous AZO shell. It is demonstrated by the chapped area and broken area SEM images 
shown in Figure 3-4b, c and d. From the SEM images in Figure 3-4 e and f, the poly-styrene 
spheres connected areas of the colloidal crystal template were not coated by AZO. After the 
removal of the poly-styrene spheres under high temperature thermal treatment, those areas 
were shown to be nanoporous. It means that each of the nanoporous AZO shell was not 
(a) (b)
(c) (d)
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isolated AZO shell. They were constructed into three-diemensional interconnected 
nanoporous AZO macroarchitecture.  
 
 
Figure 3-4| (a) The Top-view SEM image of the as-prepared three-dimensional colloidal 
crystal template deposited with AZO by ALD process after thermal removal of poly-styrene 
spheres. (b) The SEM image of the chapped area of sample in (a). (c-d) The SEM images of 
the broken area of sample in (a). (e-f) The SEM images of sample in (a) partly remove the 
top layer AZO film. 
 
3.2.2. Chemical and structure information 
 
(a) (b)
(c) (d)
(e) (f)
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Figure 3-5| EDS spectra of AZO deposited on poly-styrene spheres constructed three-
dimensional substrate: (a) Survey, (b) Zn 2p, (c) Al 2p and (d) O 1s. 
The EDS spectra were used to investigate the elements information of the ALD deposited 
three-dimensional AZO nanostructures. To avoid the interference signal from AAO template, 
the EDS spectra were performed on AZO deposited on glass substrate. The results were 
shown in Figure 3-5. The peaks at 1045.15 eV and 1022.08 eV in Figure 3-5b spectra can be 
assigned to Zn 2p1/2 and Zn 2p3/2, respectively [30]. The signal present in Figure 3-5c has 
been fitted to AlOx. The O 1s signal in Figure 3-5d has been fitted to two components of 
532.32 eV and 530.89 eV, which are associated with the Zn-O groups. 
 
3.2.3. Electroconductivity Property 
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Figure 3-6| The electroconductivity of AZO deposited at different temperature: (a), (b), (c), 
(d) and (e) for 90 °C, 110 °C, 150 °C, 200 °C and 250 °C, respectively. (f) The 
electroconductivity of AZO deposited with different Zn to Al ratio at 200 °C. 
 
The electroconductivity is the most important factors of AZO to be severed as an electrode 
instead of ITO. The electroconductivity of the prepared samples was investigated by four 
probe stage. The results were shown below in Figure 3-6. As shown in Figure 3-6a-e, at 
different deposition conditions, with the similar thickness of deposited AZO film, the 
electroconductivity of the prepared sample firstly increased with the increasing of Zn ALD 
(a) (b)
(c) (d)
(e) (f)
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cycles. After the Zn ALD cycle ratio increased to 5 %, the electroconductivity of prepared 
samples started to decrease.  
Meanwhile, as the data shown in Figure 3-6f, the electroconductivity of the AZO films with 
the similar thickness deposited at Zn to Al ALD cycle ratio 20 to 1 enhanced with the 
increasing of ALD deposition temperature. As shown in the data image, it is clear that when 
the temperature increased to 150 °C, the electroconductivity of deposited AZO obviously 
enhanced. After the temperature increased to more than 200 °C, the electroconductivity has 
a negligible increasing. Therefore, considering the price, the Zn to Al with ALD cycle ratio of 
20 to 1, and the deposition temperature of 200 °C was selected as the AZO deposition 
condition in whole experiments. 
 
3.2.4. Optical property 
 
    The AZO is fabricated to be served as the substitute of ITO transparent electrode in the 
new generation devices, especially the photoelectric devices. One of the other important 
factors of AZO is the transparency of the sample. The samples used for transparency 
investigation were prepared by deposition of AZO on quart glasses with the same growth 
condition as that on AAO and PS contracted three-dimensional substrates. And the 
transparency of the samples was investigated by UV-vis spectroscopy. As shown in Figure 3-
7a-e, with the same thickness, the transparencies of AZO deposited at different condition 
were not the same. Even thought, all of the ALD deposited AZO samples had good 
transparent property in the visible light range. Comparing with the bare ZnO film, the 
samples deposited with Al have better transparency. As shown in Figure 3-7f, when the Zn to 
Al ALD cycle ratio fixed at 20 to 1, the AZO samples obtained at 150 °C, 200 °C and 250 °C 
had transmittances around 90 % during the visible light range. 
 
Atomic layer depostion fabrication of three-dimensional  
Al-doped ZnO for transparent electrode 
 
 
61 
 
Figure 3-7| The transparency of AZO deposited at different temperature with different Zn 
to Al ALD cycle ratios: (a), (b), (c), (d) and (e) for 90 °C, 110 °C, 150 °C, 200 °C and 250 °C, 
respectively. (f) The transparency of AZO deposited with different Zn to Al ALD cycle ratio 
at 20 to 1 under 200 °C. 
 
3.3. Conclusions 
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In summary, throughout this chapter, it has been shown that the three-dimensional AZO 
transparent electrode which could be served as the substitute for ITO can be achieved by 
ALD deposition technique. From the analyses, it could be found that the electroconductivity 
and transmittance of the AZO deposited by ALD could be controlled. In this chapter, the 
three-dimensional nanopore, nanocone and nanoporous architectures that fabricated from 
AAO and PS constructed template were used as substrates. The corresponding three 
dimensional AZO nanopore, nanocone and nanoporous architectures were obtained. And 
the obtained three-dimensional AZO architectures presented an electroconductivity as low 
as 165 ohms per sq, and a transmittance as high as 90 % during the visible light range. That is 
to say, the fabricated three-dimensional AZO architecture could be served as one of the 
substitutes for ITO as transparent electrode in the new generation device. 
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4. Construction of three-dimensional core/shell AZO/TiO2/Au nanocone 
array based on atomic layer deposition for enhancing 
photoelectrochemcial water splitting 
 
4.1. Introduction 
 
By converting sunlight to fuel-hydrogen, photoelectrochemcial (PEC) water splitting has 
been proven to be one of the most effective approaches to utilize the unlimited solar energy 
economically and environmentally [1–4] Considering the broad spectrum of solar radiations, 
a key point for PEC water splitting is to explore photoelectrode materials with a high-
efficient solar light utilization. Since the pioneering work demonstrated by Fujishima and 
Honda in 1972, TiO2 has been extensively investigated as a photoanode material, attributing 
to its advantages of high photochemical stability, cost effectiveness and non-toxicity [5–10]. 
However, in view of the large band gap (3.2 eV for anatase and 3.0 eV for rutile), low 
electron mobility (1 cm2 V-1 s-1) and short minority carrier (hole) diffusion length (10-100 nm) 
of TiO2, its practical application for PEC is restricted [10]. Thus, many efforts have been 
devoted to address this issue [11–13]. 
In particular, owning to the significant capability of decoupling light absorption and charge 
carrier collection, and shortening minority carrier diffusion distance compared to bulk 
structures, one-dimensional nanostructures (e.g., nanorod [13,14] nanowire [7,15] and 
nanotube [6,16,17]) of TiO2 have been intensively studied. Additionally, rational construction 
of complex hierarchical TiO2 nanostructures, such as branched nanowire array [18–20] and 
nanotube photonic crystal [21], can further increase the light absorption efficiency and 
contact surface areas, thus enhances the PEC performance accordingly. Although the TiO2 
nanostructuring could efficiently transfer the holes at the TiO2/electrolyte interface via 
diffusing across the axial direction of the nanostructures, the low mobility of electrons in 
TiO2 is still an obstacle because they must transport along the radial direction to reach to the 
current collector [18] As previously demonstrated, core/shell nanostructures, in which the 
core acts as a conductive path, could be an excellent candidate to facilitate the electrons 
separation and transportation simultaneously in the axial direction [22–26]. Furthermore, in 
order to promote the solar light utilization of the TiO2-based core/shell nanostructures, 
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introducing surface plasmon resonance (SPR) of Au nanoparticles (NPs) is a promising 
approach, ascribing to the advantages of its visible light absorption and good stability [27–32] 
However, most of the existing TiO2-based core/shell nanostructures require complex multi-
step fabrication processes and the structure could only be roughly adjusted, which make it 
difficult to quantitatively optimize the charge carrier collection [33]. Meanwhile, although 
the Au NPs have been introduced into TiO2 nanostructures by a few attempts [17,34,35], the 
poor management of the Au NPs distribution over the TiO2 surfaces is unfavorable for the 
efficient utilization of the SPR effect. Therefore, it is highly desirable to explore a strategy, 
which is capable of achieving TiO2-based core/shell nanostructures with precise structure 
and composition tuning to maximize the light harvesting and charge carrier collection. 
In this regard, we propose a feasible route to realize a well-defined regular array of Al 
doped ZnO /TiO2 core/shell nanocones arrays (AZO/TiO2 NCA) with surface coating of 
uniformly dispersed Au NPs (AZO/TiO2/Au NCA). The structure and composition of the 
AZO/TiO2/Au NCA can be modulated to maximize the solar light utilization, such as the 
height of the Al nanocone array (Al NCA), the conductive of the AZO core, the thickness of 
TiO2 shell, and the size and density of the Au NPs. Therefore, the probable paths that the 
charge carriers could be effectively collected in the AZO/TiO2/Au NCA should include the 
charge carriers generated inside the diffusion layer and the depletion layer of TiO2, as well as 
the hot-carrier injected from the Au NPs to TiO2. The photocurrent density of the 
AZO/TiO2/Au NCA electrode reaches up to 1.1 mA·cm-2 at 1.23 V versus reversible hydrogen 
electrode (RHE) in neutral environment, which is five times of that from flat AZO/TiO2 
electrode (0.22 mA·cm-2). Meanwhile, the photoconversion of the AZO/TiO2/Au NCA 
electrode approaches to 0.72 % at 0.21 V versus RHE, which is one of the highest values with 
the lowest external potential that ever reported in Au/TiO2 photoelectrochemical systems. 
The promising strategy demonstrated here shall be easily to be extended in other 
metal/semiconductor composites for optimizing the performance of the PEC electrodes.  
 
4.2. Results and discussion 
 
4.2.1. Morphology and structure analysis for the three-dimensional core/shell 
AZO/TiO2/Au nanocone array  
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Figure 4-1| Schematic diagram of the procedure for realizing the AZO/TiO2/Au NCA. From 
regular nano-porous AAO templates (step i) to aluminum nanocone arrays, and to AZO 
nanocone arrays by ALD of Al doped ZnO (step ii), and further to AZO/TiO2 nanocone 
arrays by conformal ALD deposition of TiO2 on bare AZO nanocone arrays (step iii). Finally, 
different thickness of Au film was deposited on the surface of AZO/TiO2 nanocone arrays 
by physic vapor deposition process (step vi). 
 
Figure 4-1 illustrates the fabrication process from regular nano-porous AAO templates 
(step i) to aluminum nanocone arrays, and to AZO nanocone arrays by ALD of Al doped ZnO 
(step ii), and further to AZO/TiO2 nanocone arrays by conformal ALD deposition of TiO2 on 
bare AZO nanocone arrays (step iii). Finally, different thickness of Au film was deposited on 
the surface of AZO/TiO2 nanocone arrays by physic vapor deposition process (step vi). The 
proposed synthesis strategy facilitates the fabrication of Al nanocone arrays by selective 
anodization and precisely controlled AAO template etching. It was systematically described 
in section 2.1.2.2. 
AZO growth
TiO2 growth
Au NPs formaton
(i)
AAO removing
(vi)
(ii)
(iii)
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In this chapter, the results of the fabricated 3D core/shell AZO/TiO2/Au nanocone arrays 
with the help of nanocone arrays Al template by ALD are systematically studied with 
reference to their morphologies as well as the structures of the 3D nanostructured PEC 
electrode. The morphology and structure information of the as fabricated 3D TiO2/AZO NCA 
nanostructure and modified with Au NPs on the surface of 3D TiO2/AZO NCA nanostructure 
were investigated by SEM and TEM. 
 
4.2.1.1. Al nanocone array template  
 
 
Figure 4-2| (a) Top view and (b) side-view SEM images of AAO template obtained at 320 V. 
(c) (d) the enlarged magnification SEM image of Figure c. (e) SEM image of Al nanocone 
(a) (b)
(c) (d)
(e) (f)
Contruction of three-dimensional core/shell AZO/TiO2/Au  
nanocone array based on atomic layer deposition for enhancing  
photoelectrochemical water splitting 
 
 
72 
obtained after chemical etching the Al2O3 nanopore which anodized at 320 V for 14 hours, 
(d) the enlarged magnification SEM image of Figure e. 
 
The morphology of obtained Al nanocone arrays is investigated and presented in Figure 4-
2. As the SEM images shown in Figure 4-2a and b, the AAO template obtained at 320 V 
anodization has a spacing distance of 800 nm, and nanopore with a diameter of around 300 
nm. After the wet-chemical etching by the mixture of chromium acid (1.5 wt %) and 
phosphoric acid (6 wt %) solution at 60 °C for 10 h, the anodized Al2O3 nanopores are 
disappeared, left nanocone arrays on Al substrate. The height of the Al nanocone could be 
adjusted by changing the time of anodization process. As shown in Figure 4-2c-d, with 
different anodization time, the nanocones present different heights. 
 
4.2.1.2. AZO nanocone array  
 
As intensively discussed in chapter 3, AZO electrode has been considerably developed due 
to its abundance in natural resources, easy production procedure, low cost, non-toxicity, 
high thermal stability and chemical stability [36–38]. It is extensively researched and 
presented as transparent electrode in PEC cells and solar cells. The AZO nanocone arrays 
transparent electrode is prepared by ALD deposition on Al nanocone arrays template as 
described in section 2.1.2.2. An optimized ALD process is used for AZO deposition at 200 °C 
and one typical growth cycle consists of: DEZ-N2 purge-H2O-N2 purge (20 cycle ZnO)-TMA-N2 
purge-H2O-N2 purge. The growth rate of ZnO and Al2O3 is about 1.0 nm per cycle.  
The morphology of the sample was investigated by SEM and presented in Figure 4-3. The 
AZO nanocone with a height of more than 800 nm, and a thickness of around 100 nm could 
be measured. The thickness of AZO could be easily adjusted by the change of the ALD 
growth cycle numbers. 
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Figure 4-3| (a) Side-view and (d) Enlarged magnification side-view SEM images of bended 
AZO nanocone array. 
 
4.2.1.3. Core/shell AZO/TiO2 nanocone array 
 
 
Figure 4-4| (a) Top-view SEM image of TiO2/AZO NCA; (b) Enlarge magnification SEM 
image of (a). (c) Side-view SEM image of TiO2/AZO NCA; (d) Enlarge magnification SEM 
image of (c), inset in Figure (d) is the cross-section SEM image of TiO2/AZO NCA. 
(a) (b)
Al
AZO
TiO2
(a) (b)
(c) (d)
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After the fabrication of 3D transparent electrode, the photocurrent response material TiO2 
was grew on the electrode by ALD. The TiO2 deposition was carried out at 300°C and one 
typical cycle consists of: TiCl4-N2 purge-H2O-N2 purge (1 cycle). The growth rate of TiO2 is 
about 0.6 nm per cycle. The morphology and structure information after the growth of TiO2 
on AZO NCA nanostructure were determined by SEM, as shown in Figure 4-4. From Figure 4-
4a and the enlarge-magnification SEM image (Figure 4-4b), the side-view (Figure 4-4c) and 
corresponding enlarge magnification SEM images (Figure 4-4d), it can be seen that the TiO2 
film coat on the whole surface of 3D AZO NCA with a uniform thickness distribution. The 
cross-section SEM image of 3D TiO2/AZO NCA which obtains by Ga ion beam cut the 3D 
TiO2/AZO NCA is shown in the inset image of Figure 4-4d. It is clearly present the core-shell 
structure of nanocone, and the uniform thickness of ALD growth AZO and TiO2 films on the 
Al cone.  
 
4.2.1.4. Three-dimensional core/shell AZO/TiO2/Au nanocone array 
 
The large band gap of TiO2 only has the light absorption property during UV light range. 
Thus, the Au NPs that could induce the visible light absorption via the SPR of Au NPs was 
introduced on the surface of 3D TiO2/AZO NCA electrode to increase the light absorption and 
utilization. Accordingly increase the photocurrent response of bare TiO2 electrode. After the 
deposition of Au film by PVD and the subsequent annealing treatment at 350 °C for 10 min 
with a heating rate of 2 °C per minute and then naturally cooling down to room temperature, 
the morphology and structure information of the decoration of Au nanoparticles on 3D 
TiO2/AZO NCA nanostructure were determined by SEM and TEM, as shown in Figure 4-5 and 
Figure 4-7, respectively.  
As can be seen in Figure 4-5a, and the step by step enlargement magnification SEM images 
in Figure 4-5b and c, the Au nanoparticles decorated on 3D TiO2/AZO NCA nanostructure 
have a uniform size distribution on the whole 3D surface. The uniformity Au nanoparticles 
well-distributed decorated on the top and bottom surfaces of the nanocone, as well as on 
the side surface of nanocone (Figure 4-5d). 
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Figure 4-5| (a) Side-view SEM image of bended Au/TiO2/AZO NCA, (b-c) the corresponding 
enlarge magnification SEM images, (d) Side-view SEM image of bended Au/TiO2/AZO NCA 
with a rotation angle. 
 
Figure 4-6| The SEM images and particle size distribution of deposition Au on the surface 
of TiO2/AZO NCA after annealing process; (a) 2 nm, (b) 5 nm and (c) 10 nm Au film, 
respectively. 
(a) (b)
(c) (d)
200 nm 200 nm 200 nm
(a) (b) (c)
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Figure 4-7| TEM images of Au/TiO2 NCA, the scale bar are 500, 200, 100 and 100 nm for a, 
b, c and d, respectively. (a) The distribution of Au nanoparticles on the curved surface of 
TiO2 nanocone, (d) the corresponding enlargement SEM image of (a). (c) The distribution of 
Au nanoparticles on the flat surface of TiO2 NCA, (d) the corresponding enlargement SEM 
image of (c). 
In order to adjust the parameter of the Au NPs and the resultant SPR effect, different 
thickness of Au film is intentionally evaporated on AZO/TiO2 NCA surface, followed by the 
annealing treatment. The film-to-particles evolution is largely attributed to thermally 
activated Ostwald ripening process that larger particles will consume smaller particles by 
atom migration and become larger; the driving force of this process is to reduce surface 
energy [39]. Meanwhile, the roughness surface and the annealing condition could also affect 
this evolution. The particle size distribution on the surface was evaluated by Gaussian 
distribution. 
Figure 4-6 shows the SEM images and the relevant size distributions of the Au NPs for the 
evaporated Au film as 2 nm (Figure 4-6a), 5 nm (Figure 4-6b) and 10 nm (Figure 4-6c), 
(a) (b)
(c) (d)
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respectively. For the 2 nm Au film (No.1), the size of the obtained Au NPs is limited in the 
range of 6-9 nm (Figure 3a1). For the 5 nm (No.2) and 10 nm Au film (No.3), the size of the 
obtained Au NPs increases to the range of 13-21 nm and 14-24 nm, respectively. These Au 
NPs with different parameter could offer a good chance to optimize the capability of light 
absorption. 
For the further investigation of the dispersion of Au NPs, the TEM image of Au/TiO2 which 
scrapped off AZO and Al template from 3D TiO2/AZO NCA nanostructure. As can be seen in 
Figure 4-7, the Au NPs with diameter of less than 10 nm uniformly dispersed on the surface 
of continuous TiO2 nanocone film. It is uniformly dispersed on the surface of plat surface 
(Figure 4-7c-d), as well as uniformly dispersed on the cone surface (Figure 4-7 a-b). 
 
4.2.2. Chemical and element composition 
 
Besides the structure and morphology information that performed by SEM and TEM, the 
EDS spectroscopy, the corresponding EDS and the XPS spectroscopy were performed to 
investigate the elements composition and chemical states properties of the prepared 
Au/TiO2/AZO NCA. 
 
4.2.2.1. Elements composition of Au/TiO2/AZO NCA 
 
The elements composition determined by EDS is present in Figure 4-8. As shown in the 
EDS spectroscopy, there have elements of Ti, Zn, Al, O and Au. The total and the individual 
EDS mapping clearly present the dispersion and distribution of each element on the 3D 
nanostructure. From the EDS mapping of Au, it is clear that the Au NPs uniformly dispersed 
on the whole surface of TiO2/AZO NCA.  
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Figure 4-8| EDS spectrum and mappings of a cross-sectional AZO/TiO2/Au NCA from the 
inset SEM image, which confirm the elements of O, Zn, Ti, Al, Au and the relevant 
distributions. 
 
4.2.2.2. Chemical state property of Au/TiO2/AZO NCA 
 
The chemical state of those composed element in this structure was performed by XPS 
results. As can be seen in Figure 4-9a, the full XPS spectrum of an AZO/TiO2/Au NCA confirm 
the presences of Ti, O and Au [40,41]. Because the XPS only collected the signals of the top 
10 nm thickness of samples, the signals of Al and Zn cannot be detected. High-resolution Ti 
2p XPS spectra shown in Figure 4-9b present the Ti 2p3/2 and Ti 2p1/2 centered at binding 
energies of 458.9 and 464.6 eV, respectively, and are consistent with the typical values of 
the TiO2. The high-resolution O 1s core-level XPS spectra in Figure 4-9c shows one peak 
Total Ti L O K
Zn L Al K Au M
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centered at 530.0 eV, which corresponds to the characteristic peak of Ti-O-Ti. And one 
shoulder centered at 531.8 eV, which is assigned to –OH bond, such as adsorbed water 
molecules on the surface. The high-resolution Au 4f core-level XPS spectra shown in Figure 
4-9d has two single peaks of Au 4f7/2 and Au 4f5/2 centered at 83.5 and 87.2 eV, which reveal 
the existence of metal Au. 
 
 
Figure 4-9| (a) Full XPS spectrum of an AZO/TiO2/Au NCA, which confirms the presences of 
Ti, O and Au. (b) High-resolution Ti 2p XPS spectra. The Ti 2p3/2 and Ti 2p1/2 centered at 
binding energies of 458.9 and 464.6 eV, respectively, and are consistent with the typical 
values of the TiO2. (c) High-resolution O 1s core-level XPS spectra with one peak centered 
at 530.0 eV, which corresponds to the characteristic peak of Ti-O-Ti; and one shoulder 
centered at 531.8 eV, which is assigned to –OH bond, such as adsorbed water molecules 
on the surface. (d) High-resolution Au 4f core-level XPS spectra with two single peaks of Au 
4f7/2 and Au 4f5/2 centered at 83.5 and 87.2 eV, which reveal the existence of metal Au. 
 
(a) (b)
(d)(c)
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4.2.3. Light absorption performance 
 
The light absorption performance is one of the key factors determine the light absorption 
and light utilization ability of photoresponse materials in PEC system. The large band-gap of 
TiO2 only could absorb the light in the UV light range. The deposited Au NPs with different 
parameter on the surface of TiO2/AZO NCA could offer a good chance to optimize the 
capability of light absorption, because of the visible light absorption which induced by the 
SPR of Au NPs.  
The light absorption properties of the prepared samples were investigated by the UV-vis 
diffuse reflectance spectra. Figure 4-10a shows the absorption spectra of the prepared 
samples, which are measured in the diffuse reflectance mode. As can be seen, the bare TiO2 
film deposited on the surface of AZO/Al flat substrate only has light absorption at UV light 
range. In comparison with the flat AZO/TiO2 film, AZO/TiO2 NCA exhibits a distinct 
absorption enhancement in the range of 300 nm to 800 nm, which is attributed to the anti-
reflection characteristic of the NCA structure. Both of the two spectra possess an absorption 
onset at 390 nm, in consistence with the band gap of bulk TiO2 anatase (Eg = 3.2 eV). 
Meanwhile, the absorption spectra of the AZO/TiO2/Au NCAs are also included in Figure 4-
10a, which present pronounced absorption in the visible region, comparing to that of the 
bare AZO/TiO2 NCA. These absorption peaks are centered at around 540 nm, indicating that 
the absorptions are originated from the SPR of Au NPs. In particular, due to the optimal size 
and density of the Au NPs, the AZO/TiO2/Au NCA (No.2) demonstrates the largest absorption 
enhancement, about 30 %-40 % in the entire range of 300 nm to 800 nm.  
From the photo shown in Figure 4-10b, it shows that the color of the AZO/TiO2/Au NCA 
varies largely from the different Au NPs. Comparing to the NCA area of No.1 and the flat 
edge area of No.2 and No.3, the NCA area of No.2 and No.3 present dark green and dark 
blue, respectively. Thus, the strong light trapping of the AZO/TiO2/Au NCA should ascribe to 
both of the NCA structure and the SPR effect of Au NPs. 
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Figure 4-10| (a) Diffused reflectance UV-Vis spectra of the flat AZO/TiO2 film, AZO/TiO2 
NCA, and AZO/TiO2/Au NCA (No.1, No.2 and No.3). (b) The photo of the corresponding 
four samples (from top to bottom): AZO/TiO2 NCA and AZO/TiO2/Au NCA (No.1, No.2 and 
No.3), respectively. 
 
4.2.4. Photoelectrochemical performance 
 
The photoelectrochemical properties of NCA electrodes are studied in a three-electrode 
cell with Ag/AgCl as the reference electrode and a Pt wire as the counter electrode. It is 
worth to note that all of the measurements are conducted in 0.1 M Na2SO4 neutral aqueous 
solution (pH = 6.8). The applied biases are measured versus the Ag/AgCl reference electrode 
and are subsequently converted to the RHE scale using the Nernst equation:[42] 
 
ERHE = EAg/AgCl + E°Ag/AgCl  + 0.059 pH  
 
Where the ERHE is the converted bias versus RHE, the EAg/AgCl is the applied bias measured 
against the Ag/AgCl reference electrode, and the E°Ag/AgCl is the standard potential of 
Ag/AgCl at 25° C (0.1976 V). 
 
4.2.4.1. Photocurrent 
(a) (b)
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In order to maximize the collection of the photo-generated carriers and minimize the 
carrier recombination in AZO/TiO2 NCA, the effect of TiO2 shell thickness on PEC 
performance is particularly examined. Figure 4-11a shows the photocurrent density versus 
applied bias curves under chopped white light illumination (AM 1.5G, 100 mW·cm-2) for the 
AZO/TiO2 NCA electrodes with different TiO2 shell thickness (indicated with ALD cycles). 
In comparison with the dark current, the photocurrents of all these electrodes increase 
with the positive scanning of the bias, indicating a standard n type feature of TiO2. Moreover, 
the value of the photocurrent varies largely according to the thickness of TiO2, suggesting 
the obvious impact of the thickness on the photo-generation of carriers and carrier 
collection. As the dependence of photocurrent density (at 1.23 V vs. RHE) on the thickness of 
TiO2 shown in Figure 4-11b, the photocurrent displays an increasing tendency up to 0.65 
mA/cm2 when the thickness is broadened from about 18 nm (300 cycles) to 90 nm (1400 
cycles). With the further increase of TiO2 thickness, the photocurrent decreases. On one 
hand, the increasing TiO2 thickness would enhance photon-absorption, which contributes to 
the generation of more charge carriers that could be separated by the band bending at the 
interface of TiO2/electrolyte. On the other hand, the band bending is also sensitive to the 
TiO2 shell thickness in nanometer range. When only about 18 nm TiO2 layer is grown (300 
cycles), the entire TiO2 layer is completely depleted and the band bending is limited. In this 
case, the driving force for separating the charge carriers is very weak. Thus the carriers have 
to travel to the interface in an inefficient drift mode.  
With the TiO2 thickness increasing, the band bending could be enlarged until the TiO2 
thickness matches the length of the depletion layer. Accordingly, the driving force would 
become influential gradually and we could attain an increasing efficiency of charge 
separation. After that, we observe a decreasing photocurrent with the increase of TiO2 
thickness more than 90 nm (1400 cycles). The reason is that though thicker TiO2 layer could 
absorb more photos, significant portion of the generated carriers are produced outside and 
those carriers have higher chance to dissipate via the recombination. 
 
Contruction of three-dimensional core/shell AZO/TiO2/Au  
nanocone array based on atomic layer deposition for enhancing  
photoelectrochemical water splitting 
 
 
83 
 
Figure 4-11| (a) Photocurrent densities of the AZO/TiO2 NCA electrodes with different TiO2 
shell thickness (indicated with ALD cycles) under chopped white light (AM 1.5G, 100 
mW·cm-2) from -0.2 V to 1.6 V vs RHE. (b) Plot of photocurrent densities vs the TiO2 shell 
thickness at 1.23 V vs RHE. 
 
In addition, the advantage of the three-dimensional NAC structure is clearly demonstrated 
in Figure 4-12, in which the photocurrent density from the AZO/TiO2 NCA electrode is about 
three times of that from the flat AZO/TiO2 electrode with the optimal TiO2 thickness. 
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Figure 4-12| (a) Photocurrent density comparison of flat AZO/TiO2 and AZO/TiO2 NCA 
electrodes with the optimal TiO2 thickness (90 nm). (b) Photocurrent densities of the 
AZO/TiO2 NCA electrodes with the optimal TiO2 thickness (90 nm) under chopped white 
light (AM 1.5G, 100 mW·cm-2) from -0.2 V to 1.6 V vs RHE. 
 
Though the PEC performance of the AZO/TiO2 electrode could be maximized by using 
optimal NCA structure, AZO core and TiO2 shell, the solar light utilization is still limited by the 
wide bandgap of TiO2. Therefore, the Au NPs is integrated into AZO/TiO2 NCA for 
introduction of SPR effect. The SPR effect is strongly related to the size, morphology and 
density of the Au NPs [43]. Figure 4-13 shows a set of photocurrent densities under AM 1.5G 
sunlight. All of the AZO/TiO2/Au NCA (No.1, No.2 and No.3) electrodes exhibit larger 
photocurrent densities than that from the bare AZO/TiO2 NCA electrode. Significantly, the 
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No.2 electrode achieves the highest photocurrent density (1.1 mA·cm-2) at 1.23 V vs. RHE, 
which is almost double of that from the bare AZO/TiO2 NCA electrode (0.63 mA·cm-2) at the 
same applied bias. Those results confirm the positive role of the uniformly dispersed Au NPs 
in boosting the photoactivity of the AZO/TiO2 NCA electrode under illumination. Meanwhile, 
for the No.1 electrode, because of the small size (about 8 nm) and the low density of Au NPs, 
the photocurrent enhancement from the SPR is scant. For the No.3 electrode, owing to the 
size and density of Au NPs is larger than that of No.2, the surface area of TiO2 that the photo 
flux reaching and the surface area of TiO2 that directly contact with the aqueous solution are 
both reduced. This is similar as the previous reported that over-loading of Au NPs would 
compromise the contribution of SPR in Au/TiO2 systems [34,35].  
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Figure 4-13| (a) Photocurrent densities of the bare AZO/TiO2 NCA and AZO/TiO2/Au NCA 
(No.1, No.2 and No.3) electrodes recorded in the dark and under AM 1.5G sunlight. The 
scans are collected from -0.2 to 1.6 V vs. RHE. (b) The corresponding amperometric I–t 
curves of the electrodes measured at 0.2 V vs. RHE with chopped on–off cycles under AM 
1.5G sunlight. 
Besides the photocurrent enhancement, obvious cathodic shift of the onset potential are 
also observed from the AZO/TiO2/Au NCA electrodes, along with the photocurrent 
saturation at more negative. The No.2 electrode displays the lowest onset potential of 0.06 
eV vs. RHE, comparing to 0.09 eV vs. RHE of No.3, 0.12 eV vs. RHE of No.1, and 0.15 eV vs. 
RHE of bare AZO/TiO2 NCA electrodes (Figure 4-13a). This benefit is attributed to the 
catalytic effect of the Au NPs. 
 
 
Figure 4-14| (a) Photocurrent densities of the bare AZO/TiO2 NCA and AZO/TiO2/Au NCA 
(No.1, No.2 and No.3) electrodes recorded in the dark and under AM 1.5G sunlight coupled 
with a 455 nm cut-off optical filter. The scans are collected from -0.2 to 1.6 V vs. RHE. (b) 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
AZO/TiO2/Au NCA(No.1)
AZO/TiO2/Au NCA(No.2)
AZO/TiO2/Au NCA(No.3)
AZO/TiO2 NCA
Dark
 
 
Cu
rre
nt
 d
en
sit
y 
(m
A/
cm
2 )
Potential (V vs. RHE)
(a)
(b)
Contruction of three-dimensional core/shell AZO/TiO2/Au  
nanocone array based on atomic layer deposition for enhancing  
photoelectrochemical water splitting 
 
 
87 
The corresponding amperometric I–t curves of the electrodes measured at 0.2 V vs. RHE 
with chopped on–off cycles under AM 1.5G sunlight coupled with a 455 nm cut-off optical 
filter. 
To clarify the responsibility of TiO2 and Au in this work, an optical filter with 455 nm cut-off 
is used to rule out the impact from band gap transition of TiO2. The photoelectrochemical 
properties of the prepared samples with 455 nm cut-off filter was investigated. As presented 
in Figure 4-14a, with a 455 nm cut-off filter, the occurrence of photocurrent is similar to that 
shown in Figure 4-13a. Further, amperometric current-time (I-t) characterization results for 
the four electrodes illuminated with chopped visible light (  455 nm) at 0.2 V vs. RHE with 
chopped on–off cycles under AM 1.5G sunlight coupled with a 455 nm cut-off optical filter 
are also shown here (Figure 4-14b).  
As can be seen from those Figures, all the electrodes with the Au NPs present remarkably 
higher photocurrents than that from the bare AZO/TiO2 NCA electrode. In particular, the 
No.2 electrode possesses a highest photocurrent of 0.041 mA·cm-2. While the bare AZO/TiO2 
NCA electrode presents an ignorable photocurrent with 455 nm cut-off filter. Thus, the 
occurrences of photocurrents in the visible range are certainly attributed to the Au NPs on 
AZO/TiO2 NCA electrodes instead of the TiO2, which indicates that the SPR effect of the Au 
NPs is the origin of the occurrence of photocurrent in visible light range. 
 
4.2.4.2. Applied bias photon-to-current efficiency 
 
In this work, it is clearly that the Au NPs could significantly enhance the electron mobility 
by reducing the recombination of electron−hole pairs, and the No.2 electrode has the lowest 
resistance owing to the optimal size and density of Au NPs. To investigate the conversion 
efficiency of electrodes under different external applied bias, we performed the 
photoconversion efficiency “η”. The efficiency is also called applied bias photon-to-current 
efficiency (ABPE) [42,44,45]. It is defined as: 
 
 
 
λ ≥
( )1.23 app lightI V Pη = −
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Where the Vapp is the applied bias vs. RHE, I is the externally measured current density, and 
Plight is the power density of the illumination. As can be seen from the equation, the 
photoconversion efficiency is a function of applied bias versus reversible hydrogen electrode. 
It is done based on an assumption ideal condition that all photons are absorbed, and that 
100 % of the absorbed photons are converted to electron-hole pairs that contribute to the 
photocurrent. 
 
 
Figure 4-15| ABPEs of the bare AZO/TiO2 NCA and AZO/TiO2/Au NCA (No.1, No.2 and No.3) 
electrodes recorded in the dark and under AM 1.5G sunlight obtained from Figure 4-13a. 
Therefore, the data in Figure 4-15 presents the ABPE of electrodes under different applied 
bias based on all photons are absorbed by electrodes and 100 % of the absorbed photos are 
converted to electron-hole pairs. It could obviously reveal the conversion efficiency with 
different applied bias. Figure 4-15 shows the calculated ABPEs from the results in Figure 4-
13a. The maximum ABPEs for the bare AZO/TiO2 NCA and AZO/TiO2/Au NCA (No.1, No.2 and 
No.3) electrodes are 0.13 % (at 0.94 V vs. RHE), 0.25 % (at 0.47 V vs. RHE), 0.73 % (at 0.21 V 
vs. RHE), and 0.33 % (at 0.42 V vs. RHE), respectively. More important, the ABPE of the No.2 
electrode is one of the highest values with the lowest external applied bias that ever 
reported in Au/TiO2 PEC systems. From those results, it shows that, comparing with bare 
AZO/TiO2 NCA electrode, the NCA electrodes with Au NPs have higher conversion efficiency 
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at much lower applied bias. It is demonstrated that the Au NPs on NCA electrode could 
enhance the conversion efficiency while lowering the demands of applied bias.  
 
4.2.4.3. Incident photon-to-current efficiency 
 
 
Figure 4-16| (a) IPCE (without applying external bias) of the relevant AZO/TiO2 NCA 
electrodes with different shell thickness of TiO2 in Figure 4-11a. (b) IPCE of the prepared 
electrodes measured without applying an external applied bias, inset is the enlarged IPCE 
result of (b) in the visible light range. 
Incident photon-to-current efficiency (IPCE) is a measure of how efficiently the device 
converts the incident light into electrical energy at a given wavelength [42,45]. Figure 4-16 
presents IPCE measurement of the all prepared electrodes without applying external bias. As 
can be seen in Figure 4-16a, the AZO/TiO2 NCA electrode with different shell thickness of 
TiO2 are particularly examined. In which the maximum value of 14 % is obtained from the 
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AZO/TiO2 NCA electrode with the optimal TiO2 thickness (90 nm, 1400 cycles). Meanwhile, 
the IPCE peak values of those electrodes versus TiO2 shell thicknesses show the same 
tendency as that revealed in Figure 4-11b, supporting the observation from another aspect. 
The Au NPs is integrated into AZO/TiO2 NCA for introduction of SPR effect to increase the 
light absorption and light utilization. To further elucidate the role of Au NPs, the IPCE spectra 
of the bare AZO/TiO2 NCA and AZO/TiO2/Au NCA (No.1, No.2 and No.3) electrodes are 
collected without applying external bias, as shown in Figure 4-16b. First, for all the 
electrodes, the observed photoconversion is dominated by the photoactivity of TiO2 in the 
ultraviolet (UV) region, and the IPCE spectra of the AZO/TiO2/Au NCA electrodes are higher 
and broader than that of the bare AZO/TiO2 NCA electrode in the UV region. This indicates 
that the presence of Au NPs promotes the photon absorption and collection via the band 
gap transitions of TiO2. The highest value comes from the No.2 electrode, in consistent with 
the highest absorption curve in Figure 4-10. Second, as given by the inset of Figure 4-16b, we 
could also observe a series of IPCE peaks in the visible region for the AZO/TiO2 NCA 
electrodes with Au NPs. The profiles of these peaks are in good agreement with those of the 
SPR peaks from the absorption spectra in Figure 4-10, and the highest IPCE of 0.71 % is 
obtained from the No.2 electrode. 
 
4.2.4.4. Mott- Schottky measurement 
 
With the TiO2 thickness increasing, the band bending could be enlarged until the TiO2 
thickness matches the length of the depletion layer (DL1). Accordingly, the driving force 
would become influential gradually and we could attain an increasing efficiency of charge 
separation. After that, we observe a decreasing photocurrent with the increase of TiO2 
thickness more than 90 nm (1400 cycles). The reason is that though thicker TiO2 layer could 
absorb more photos, significant portion of the generated carriers are produced outside of 
the DL1 and those carriers have higher chance to dissipate via the recombination. From the 
calculation based on the Mott-Schottky plot, the DL1 thickness of our prepared TiO2 is about 
59 nm (Figure 4-17) [42,46]. 
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Figure 4-17| (a) Mott-Schottky plots of ALD-TiO2 at a fixed frequency of 5 kHz in the dark. 
(b) The band bending at the interface of TiO2/electrolyte, in which the optimal TiO2 
thickness includes the depletion layer (DL1) and the diffusion layer (DL2) that the photo-
generated carriers could be efficiently collected. 
 
    To estimate the thickness of TiO2 depletion layer, 90 nm thick TiO2 (1400 cycles) film on 
ITO substrate is prepared for capacitance measurement; which is conducted on the 
electrode/electrolyte with the Mott−Schottky equation: [47] 
 
                                                                                              (Equation 4-1)  
 
where C is the space charge capacitance in the semiconductor, ND is the electron carrier 
density, e is the elemental charge, ε0 is the permittivity of vacuum, ε is the relative 
permittivity of the semiconductor, E is the applied bias, EFB is the flat band potential, T is the 
temperature, and k is the Boltzmann constant. Figure 4-17 displays the Mott−Schottky plots 
of 1/C2 as a function of the applied bias, from which the positive slope is observed, 
suggesting n-type semiconductor. Furthermore, the plots are extrapolated to 1/C2 = 0 to 
estimate the value of EFB (Equation 4-1), indicating 0.02 V for TiO2. In addition, the carrier 
density ND can also be calculated from using the following equation (Equation 4-2): 
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                                                                                                            (Equation 4-2)  
 
As e = 1.6 × 10−19 C, ε0 = 8.86 × 10−12 F·m-1, and ε = 35 for the TiO2 film [48] the ND values of 
TiO2 is determined to be 6.12 × 1017 cm-3. 
    The thickness of depletion layer ( ) at TiO2 surface can be calculated by (Equation 4-3) 
[44]: 
 
                                                                                                                    (Equation 4-3)  
 
EB is the amount of band bending in the depletion layer, which has to be at least 50 mV in 
order to help the light-induced charge separation efficiently [43]. The calculated  is about 
59 nm. 
    Considering the uniform AZO/TiO2 core/shell NCA structure, it means that about 31 nm 
diffusion layer (DL2) from the DL1 is the maximum distance that the photo-generated carriers 
can effectively collected at the TiO2/electrode interface, as the illustration shown in Figure 4-
17b. 
 
4.2.4.5. Electrochemical impedance spectroscopy 
 
Electrochemical impedance spectroscopy (EIS) measures the dielectric properties of a 
medium as a function of frequency [49,50]. It is based on the interaction of an external field 
with the electric dipole moment of the sample, often expressed by permittivity. It is also an 
experimental method of characterizing electrochemical systems. This technique measures 
the impedance of a system over a range of frequencies, and therefore the frequency 
response of the system, including the energy storage and dissipation properties, is revealed. 
Ordinarily, data obtained by EIS is expressed graphically in a Bode plot or a Nyquist plot. EIS 
reveals information about the reaction mechanism of an electrochemical process: different 
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reaction steps will dominate at certain frequencies, and the frequency response shown by 
EIS can help identify the rate limiting step.  
The EIS of the prepared electrodes are shown in Figure 4-18. It is clearly that the Au NPs 
could significantly enhance the electron mobility by reducing the recombination of 
electron−hole pairs, and the No.2 electrode has the lowest resistance owing to the optimal 
size and density of Au NPs. 
 
Figure 4-18| Nyquist plot of electrochemical impedance spectra of AZO/TiO2 NCA and 
AZO/TiO2/Au NCA (No.1, No.2, and No.3) electrodes at high frequencies. The Impedance 
measurements are performed under dark in 0.1 M Na2SO4 solution at open circuit voltage 
over a frequency range from 105 to 10−1 Hz with an AC voltage at 10 mV. The impedance 
data are analyzed by Potentiostat/.Galvanostat (BioLogic, Inc.). A semicircle (i.e., the arch 
in the present study) in the Nyquist plot at high frequency represents the charge-transfer 
process, while the diameter of the semicircle reflects the charge-transfer resistance. 
 
4.2.4.6. Photoelectrochemical stability 
 
The photoelectrochemical stability determines the possibility of industry application for 
the prepared NCA electrodes. As shown below in Figure 4-19a, the amperometric I-t stability 
test for more than 5 hours without chopping the light at 0.2 V (vs. RHE) under AM 1.5G 
sunlight irradiation for AZO/TiO2/Au NCA (No.2) electrode. The photocurrent decreased from 
0.7209 mA to 0.6973 mA. It decreased only around 3 % during the testing period. After that, 
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the other more than 5 hours amperometric I-t stability test of the same sample without 
chopping the light at 0.2 V (vs. RHE) with a 455 nm cut-off filter was performed under the 
same test condition, as shown below in Figure 4-19b. Without the 455 nm cut-off filter, the 
photocurrent decreased less than 5 %, from 0.0411 mA to 0.0391 mA. The results 
demonstrated that the prepared electrode is stable under the testing condition. 
 
 
Figure 4-19| (a) Amperometric I–t curves of the electrodes measured at 0.2 V vs. RHE 
under AM 1.5G sunlight for more than five hours. (b) Amperometric I–t curves of the 
electrodes measured at 0.2 V vs. RHE under AM 1.5G sunlight coupled with a 455 nm cut-
off optical filter for more than five hours. 
 
4.2.5. Finite-difference time-domain simulation 
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Several different roles of the SPR effect in enhancing the photoactivity of semiconductors 
has been proposed, which includes plasmon resonance energy transfer (PRET), scattering 
and anti-reflection, and hot electron transfer [51]. For both of the PRET and light scattering, 
the enhancement could be observed at wavelengths where the plasmon resonance and 
semiconductor resonance overlap. As noted in previous reports that smaller NPs have lower 
scattering rates [52], so the photo scattering can be excluded in our electrodes because of 
the small size of Au NPs. The PRET describes the interaction of TiO2 with the SPR induced 
electric-field amplification localized nearby at the Au NPs. This interaction promotes the 
photon absorption of TiO2 and thus the photo-generated charge carriers of TiO2.  
 
 
Figure 4-20| Simulated cross-sectional EM wave distributions of the AZO/TiO2 NCA with or 
without Au NPs at the wavelength of (a) 340 nm, (b) 540 nm, respectively. (c) Schematic of 
the probable paths that the charge carriers could be effectively collected in the 
AZO/TiO2/Au NCA. 
 
On the other hand, from the simulated electromagnetic (EM)  wave at 540 nm for the 
AZO/TiO2 NCA with or without Au NPs, it is obviously that the magnitude of electric field 
intensity at the interface of Au NPs and TiO2 shell is increased by 24 times, and the relevant 
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photon absorption rate is enhanced by 576 times (Figure 4-20b). This increased electric field 
could be the reason for the observed enhancement of the visible light photoactivity, though 
there is no spectral overlap between the amplified electric field and the absorption edge of 
TiO2. It has been suggested that if the hot electrons possess sufficient energy and are in 
contact with TiO2, then they can be injected into the conduction band of TiO2 via Schottky 
junction, leaving energetic positive charges at Au NPs as holes for water oxidation. In this 
way, the Au NP acts as a sensitizer to light absorption, in analogy to a dye in the dye 
sensitized solar cell.  
Therefore, we believe that the enhanced photoactivity of AZO/TiO2/Au NCA in the visible 
region is mainly ascribed to the hot-carrier generation upon SPR excitation. Therefore, the 
probable paths that the charge carriers could be effectively collected in our AZO/TiO2/Au 
NCA electrodes is shown in Figure 4-20c, including the charge carriers that generated inside 
the diffusion layer and the depletion layer of TiO2, as well as the hot-carrier injection from 
the Au NPs to TiO2. Most important, each of the paths can be optimized at the relevant steps. 
In order to better understand how UV light absorption is enhanced and its possible 
contribution to the photoactivity, finite-difference-time-domain (FDTD) simulations are 
performed at the wavelength of 340 nm for the AZO/TiO2 NCA with or without Au NPs, 
respectively. The cross-sectional EM wave distributions are plotted in Figure 4-20a. In both 
simulations, EM plane waves propagate downward and the color index at the specific 
location in the simulations reflects the magnitude of electric field at that point, normalized 
with that of the source EM wave if propagating in free space. It can be observed that both of 
the NCA structures show much low reflectance at 340 nm. More important, the electric field 
intensity at the interface of the Au NPs and TiO2 is increased by 4 times the magnitude, 
which means that the photon absorption rate is enhanced by 16 times in this local area 
(absorption is proportional to square of electric field) compared with the bare AZO/TiO2 NCA. 
The increased photo absorption in the UV region could overlap with the TiO2 absorption, 
therefore, the PRET of Au NPs might be the major contributor of the UV absorption 
increasing and thus the corresponding enhancement of IPCE that shown in Figure 4-16a and 
b.  
 
4.3. Conclusions 
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In this work, the Au SPR is the origin of the improve photo-performance with water 
splitting. It was proved from different aspects in manuscript and the added investigation 
results in supporting information. As presented in Figure 4-16, the AZO/TiO2 NCA electrode 
shows negligible IPCE percent in the visible light range. While the electrodes with Au NPs 
have distinct IPCE percent in the same range (455-800 nm). And the profiles of these peaks 
are in good agreement with those of the Au SPR peaks from the absorption spectra in Figure 
4-10. It indicates that the photo absorption and collection origin from Au SPR result the IPCE 
percent in the visible light range.  
On the other hand, the photocurrents under visible light irradiation (≥455 nm) (Figure 4-
14) shows that there is almost no photocurrent for AZO/TiO2 NCA electrode with applied 
bias from -0.05 to 1.6 V versus HER. While the electrodes with Au NPs present obvious 
photocurrent with the same applied bias. It is demonstrated that the Au SPR results the 
distinct photocurrent responses under the visible light irradiation. Finally, from the FDTD 
simulation, the electric field intensity of the AZO/TiO2 NCA at 540 nm with Au NPs is 24 times 
than that without Au NPs, which further confirms the result (shown in Figure 4-20). Besides 
the SPR effect, the small Au NPs also act as the catalyst to largely lower the onset potential 
of electrodes as well (Figure 4-15). 
Thus, the well-defined regular array of AZO/TiO2 core/shell nanocones with uniformly 
dispersed Au nanoparticles is successfully realized with three sequential steps of ALD, PVD 
and annealing processes. The photo-generated charge carriers in the depletion layer and 
diffusion layer are maximally collected with an optimal thickness of TiO2 shell (90 nm). The 
consequent formation of uniformly dispersed Au NPs further amplifies the light utilization 
and the according photocurrent density increases up to 1.1 mA·cm-2 at 1.23 V vs. RHE. 
Moreover, the photoconversion of the AZO/TiO2/Au NCA electrode approaches to 0.73 % at 
0.21 V versus RHE. The IPCE measurements and FDTD simulations reveal that the enhanced 
light utilization in the UV region is due to the optimal size and density of the Au NPs with 
strong electric field amplification, while the enhanced light utilization in the visible region is 
mainly caused by the hot-carrier generation upon SPR excitation. Moreover, the scalable 
fabrication route used in this work is highly feasible and repeatable, and can be easily 
applied to other metal/semiconductor systems. 
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5. Fabrication of three-dimensional Pt/MnO2 nanotube arrays for 
supercapacitor 
 
Three-dimensional Pt nanostructures play an important role in fuel cells and 
microelectronics, due to the unique advantages of them. Considering the fact that Pt is an 
expensive metal, a major challenging point nowadays is how to realize efficient utilization of 
Pt. In this chapter, a cost-effective atomic layer deposition process with a low N2 filling step 
is introduced for realizing well-defined Pt nanotube arrays in anodic alumina nano-porous 
templates. Compared to the conventional ALD growth of Pt, originates from the low N2 filling 
step, much fewer ALD cycles and a shorter precursor pulsing time are required. To achieve 
similar Pt nanotubes, about half cycles and 10 % Pt precursor pulsing time is needed using 
our ALD process. Meanwhile, the Pt nanotube array is explored as a current collector for 
supercapacitors based on core/shell Pt/MnO2 nanotubes. This nanotube-based electrode 
exhibits high gravimetric and areal specific capacitance (810 F·g-1 and 75 mF·cm-2 at a scan 
rate of 5 mV·s-1) as well as an excellent rate capability (68 % capacitance retention from 2 to 
100 A·g-1). Additionally, a negligible capacitance loss is observed after 8000 cycles of random 
charging-discharging from 2 to 100 A·g-1. 
 
5.1. Introduction 
 
Metal nanostructures with high regularity, complex architectures and large specific surface 
areas have been extensively utilized in various application fields [1–8]. Due to the unique 
advantages of Pt including high catalytic ability, chemical stability against oxidation and high 
work function of 5.6 eV, it plays an especially important role in fuel cells and 
microelectronics [9–17]. Considering the fact that Pt is a very expensive metal, a major 
challenge nowadays is how to realize cost-effective utilization of Pt. To meet this challenge, 
an approximate fivefold reduction of Pt content is necessary at the present state of 
industrial development [4,5] Meanwhile, the trend of device miniaturization requires 
efficient techniques enabling Pt fabrication at nano-scale range so as to increase the overall 
surface-to-volume ratio and hence to reduce the Pt loading. Recently, intensive interests 
have been raised for synthesizing different configurations of Pt nanostructures, especially for 
nanowires and nanotubes [9,18–20] Anodic alumina nano-porous templates have been 
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widely used for fabricating ordered arrays of diverse nanostructures [20–26] including Pt 
nanowires and nanotubes [27–31]. Comparing to dispersed Pt nanoparticles that usually 
have agglomeration problems, Pt nanowires and nanotubes are highly desirable for 
applications as catalytic materials and micro-electrodes [9,28].  
Atomic layer deposition, which allows conformal and homogenous three-dimensional 
nano-fabrication with high structural controllability at atomic level, becomes a promising 
alternative approach for realizing Pt nanostructures [32–38]. To date, Pt has been deposited 
by ALD process on various substrates [35,37,39–41]. Suffering from poor nucleation and 
inland growth, dispersed Pt nanoparticles usually appeared at the beginning of the ALD 
process [38]. And a real layer-by-layer atomic growth can only be achieved when the 
dispersed Pt nanoparticles coalesce together and finally forms a continuous film, which 
requires a large number of ALD cycles and hence makes the ALD growth of Pt nanostructures 
high costly. Meanwhile, owing to the reaction limitation and the large molecular mass of Pt 
precursors (MeCpPtMe3), the diffusion and transportation of the precursors in nano-pores 
are very slow [29,30,42,43] which require a sufficient long pulsing time so as to accomplish 
the precursor diffusion and reaction process within the nano-pores. Just recently, increasing 
Pt precursor pulsing time up to 30 seconds has been tried to obtain high Pt coverage inside 
alumina templates [30], in which a large amount of Pt precursor was consumed and hence 
further increases the cost of the ALD growth of Pt nanostructures. This is also the reason 
why most of the Pt ALD growth so far is limited to nanoparticles or low aspect ratio 
structures. Therefore, how to realize a cost-effective ALD process for high aspect ratio Pt 
nanostructures presents a timely topic for advanced electronic devices such as energy 
storage elements, transistors and sensors. 
Herein, we achieve a highly cost-effective ALD technique for synthesising pre-defined Pt 
nanotube (NT) arrays within alumina nano-porous templates. This low Pt consuming 
advantage is attributed to a low N2 filling step of the ALD process, by which much fewer 
cycles and a shorter Pt precursor pulsing time are required comparing to the conventional 
ALD growth. It is demonstrated that about half ALD cycles and 10 % Pt precursor pulsing 
time is necessary for obtaining similar Pt NTs using the low N2 filling step, enabling Pt 
nanostructures more practicable for device utilizations such as superior current collectors. 
Therefore, starting from these Pt NTs, core/shell Pt/MnO2 NT arrays are fabricated for 
realizing a high performance supercapacitor. The presented approach shall be applicable for 
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fabricating other noble metal nanostructures, since the ALD processes of these materials are 
ruled by the similar reaction mechanisms to that of Pt. 
 
5.2. Results and discussion 
 
 
Figure 5-1| Schematic illustration of the fabrication process of Pt and Pt/MnO2 nanotube 
array: (a) surface imprinting on an aluminum foil using a Ni nano-piller stamp; (b) 
anodization for preparing alumina template followed by a chemical etching process; (c) 
dispersed Pt nanoparticles formed on template after a few ALD growth cycles; (d) 
continuous Pt nanotue array obtained after more ALD growth cycles; (e) a mixed PDMS 
solution poured on alumina template; (f) removal of alumina template and resulting in a 
Pt nanotube array on PDMS substrate; (g) electrodeposition of MnO2 to form Pt/MnO2 
nanotube array for supercapacitor. 
The fabrication procedure is described and schematically shown in section 2.1.6. During 
the fabrication process, a Pt nanotube array is grown on a pre-patterned alumina template, 
as schematically demonstrated in Figure 5-1a-d. After that, a mixed polydimethylsiloxane 
(PDMS) solution is poured on the surface of the template, followed by dissolving the 
backside alumina template (Figures 5-1e and f). Finally, a thin MnO2 layer is deposited on the 
Pt nanotubes, resulting in a supercapacitor electrode based on core/shell Pt/MnO2 nanotube 
array (Figure 5-1g). For this core/shell structure, the core Pt nanotube with high electrical 
conductivity is used as a current collector to provide paths for charge storage and delivery. 
(e) (f)
(a) (b) (c) (d)
(g)
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Meanwhile, the construction of the nanotubes can also offer a large surface area to increase 
mass loading of the active material (i.e., MnO2). 
The detail morphology changes of the synthesized regular AAO template, the fabricated Pt 
nanotube arrays by ALD deposition process, and the electrodeposition of MnO2 shell active 
materials were carefully investigated by SEM. The elements composition and chemical states 
of the prepared sample, as well as the chemical and physical properties were detailed 
determined in this section. 
 
5.2.1. Morphology and structure analysis for the three-dimensional Pt/MnO2 nanotube 
array  
 
5.2.1.1. Regular AAO template 
 
 
Figure 5-2| (a) Top-view SEM image of the fresh anodized regular AAO template. And the 
top-view SEM images of AAO templates with different time of post-treatment by 5 % of 
H3PO4 solution at 30 oC: (b), (c), and (d) for 30 min, 60 min, and 120 min, respectively. 
(a) (b)
(c) (d)
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The three-dimensional Pt/MnO2 nanotube array was fabricated based on regular AAO 
template, which was prepared as describe in section 2.1.6.1. The thickness of AAO template 
(the length of nanopore) could be very easily controlled by the anodizaiton time. And the 
diameter of nanopore could be very easily adjusted by the post-treatment process. As 
shown in Figure 5-2a, the prepared AAO template with a regular pore structure, each of the 
pore with a diameter larger than 100 nm. And four of the neighboring pores composed a 
square shape with 400 nm of side length of the square. After 15 min of anodization at 160 V 
during 15 oC, the nanopore of AAO template has a length of around 2 µm (Figure 5-2b). 
Applied with different post-treatment time of anodized AAO template by 5 % of H3PO4 
solution at 30 oC, could obtain different diameter pore size of AAO template (Figure 5-2c-e). 
Different anodization conditions and wet-chemical post-treatment were applied to obtain 
the desirable pre-patterned alumina templates 
 
5.2.1.2. Pt nanotube array 
 
After the fabrication of regular AAO template, a 100-cycle conventional ALD process (the 
blue line in Figure 2-12) was used for the Pt growth. Dispersed Pt nanoparticles were formed 
on the surface of the template (Figure 5-3a). After 200 ALD cycles, the dispersed Pt 
nanoparticles coalesce into a porous film (Figure 5-3b), and this behavior is consistent with 
the Volmer-Weber island growth model of metal films on oxide surfaces [38]. With 200 ALD 
cycles, the infiltration depth of Pt in the AAO template was less than 2 μm (Figure 5-3c). 
Instead of using the conventional process, we introduce an innovative ALD process for Pt 
growth, where a low N2 filling step is used after pulsing (as illustrated in the orange dot line 
of Figure 2-12). Figure 5-3d shows the template surface after 100 cycles with a 60 s of low-
filling-N2 step, where Pt porous film already appeared. This demonstrated that the 
nucleation delay phenomenon of the Pt ALD growth in our process is largely decreased and 
about half of the Pt precursor can be saved to obtain a similar Pt film. When the cycle 
number was increased to 200 (Figure 5-3e), the porous Pt film further transforms to a 
compact film. Importantly, the infiltration depth of the Pt NTs inside the template pores 
reaches about 5 μm, which is approximately 2.5 times of the infiltration depth in the 
conventional process presented in Figures 5-3c. 
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Figure 5-3| Top-view SEM image of ALD growth of Pt nanotube based on regular AAO 
template with different conventional ALD cycle numbers :(a) 100 ALD cycles, (b) 200 ALD 
cycles, and (c) the cross-section SEM image of (b). Top-view SEM image of ALD growth of 
Pt nanotube based on regular AAO template with different low-filling-N2 ALD cycle 
numbers :(d) 100 ALD cycles, (e) 200 ALD cycles, and (f) the cross-section SEM image of (e). 
 
The surface morphology and the length of ALD deposited Pt nanotubes could further 
adjusted by the ALD growth conditions. To investigate the influence of the low N2 filling step 
on the Pt infiltration depth inside the pores, a series of experiments were conducted in 
which the low N2 filling time was adjusted in the range of 0 – 90 s. It was revealed in Figures 
5-4a-d that the infiltration depth increases with the increment of the low N2 filling time, 
where a maximum depth of about 6 μm was obtained when the time was increased to 90 s 
(Figure 5-4d). Since the pore diameter was about 260 nm, the aspect ratio of Pt NTs 
increases about 3.5 times (from 7 to 23) with the same Pt precursor pulsing time of 1.3s. 
Based on previous reports, the Pt infiltration depth in nanopores versus the Pt precursor 
pulsing time shows a square root dependence (Pt infiltration depth ∝ Pt pulsing time1/2), 
which belongs to the diffusion-limited regime of ALD coating on nanopores [29,43]. However, 
differs from the above-mentioned relationship, the Pt infiltration depth versus the low N2 
filling time shows good square root dependence (Pt infiltration depth ∝ Low N2 filling time1/2) 
in our ALD process (Figure 5-4e). In the conventional ALD process, about 12 s of Pt precursor 
pulsing was required to obtain Pt nanotubes with an infiltration depth of 6 μm. This 
assumption was also supported by previous experiment results, where up to 30 s of Pt 
(d)
200nm 200nm
200nm200nm 1µm
(a) (b)
(d) (e) (f)
300nm
(c)
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precursor pulsing time was used for growing about 10 μm Pt NTs inside the alumina 
template [30]. However, when a 90 s of low N2 filling step was introduced into ALD process, 
only 10 % Pt precursor pulsing time was required for the similar Pt infiltration depth. It 
clearly indicates that the Pt precursor pulsing time can be largely shortened with the 
additional low N2 filling step in the Pt nanotube growth. 
 
 
Figure 5-4| SEM images of Pt NTs after different ALD processes: (a) Pt pulsing (1.3 s) - N2 
purging (18 s); (b) Pt pulsing (1.3 s) - low N2 filling (30 s) - N2 purging (18 s); (c) Pt pulsing 
(a) (b)
(c) (d)
(e)
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(1.3 s) - low N2 filling (60 s) - N2 purging (18 s); (d) Pt pulsing (1.3 s) - low N2 filling (90 s) - N2 
purging (18 s); and (e) dependence of the Pt infiltration depth on the low N2 filling time. 
 
Besides the low N2 filling time, the Pt precursor pulsing time is also one of the main 
influences for the Pt infiltration depth. Therefore, the influence of Pt precursor pulsing time 
on Pt infiltration depth was also studied. When the Pt pulsing time increased from 0.5 to 2.1 
s with the same N2 low filling step of 30 s, the Pt infiltration depth only extends to about 5.3 
μm (as shown in Figure 5-5a and b). Even so, this value was still less than that of the Pt NTs 
obtained from a shorter pulsing (1.3 s) but a longer low N2 filling (90 s) process.  
 
 
Figure 5-5| SEM images of Pt NTs after different ALD processes: (a) Pt pulsing (0.5 s) - low 
N2 filling (30 s) - N2 purging (18 s); (b) Pt pulsing (1.3 s) - low N2 filling (60 s) - N2 purging (18 
s); (c) Pt pulsing (2.1 s) - low N2 filling (30 s) - N2 purging (18 s). And (d) the relationship of 
the Pt infiltration depth to the Pt precursor pulsing time. 
It is well known that there are two main requirements for the thermal ALD growth of Pt on 
oxide substrates: (i) adsorption of the Pt precursor (MeCpPtMe3) and (ii) elimination of the 
(a) (b)
(c) (d)
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precursor ligands. For the Pt growth within a nano-porous template, the Pt coverage is 
typically determined by the material surface, the applied pressure and the precursor pulsing 
time [42,43]. Whereas using the same Pt precursor pulsing time and the same template, the 
low N2 filling step builds up a higher Pt precursor partial pressure. The higher-pressure 
condition not only enhances the Pt precursor diffusion and adsorption inside the pores, but 
also largely extends the nucleation time of the Pt nanoparticles on oxide surfaces, as shown 
in Figure 5-5c Therefore, instead of extending Pt precursor pulsing time, introducing a low N2 
filling step in Pt ALD process is an efficient choice for realizing high aspect ratio Pt nanotubes 
with an ultra-less Pt precursor consumption. The growth conditions and the relevant length 
of Pt nanotubes fabricated by ALD were summarized in Table 5-1. 
 
Table 5-1| The growth conditions and the relevant lengths of Pt nanotubes by ALD 
 
 
According to the above mentioned results, here, a pre-patterned alumina template with a 
thickness of about 6.0 μm was used to prepare continuous Pt nanotube array with the 90 s 
of low N2 filling step. The SEM images in Figure 5-6 presented the appearances of the 
fabricated Pt nanotube array. Figure 5-6a was the cross-sectional view of the prepared 
sample. It can be seen that the whole surface of the template was covered with continuous 
Pt film after 200 cycles of ALD growth. The right two images (Figure 5-6b and c) were the 
enlarged views of the top and bottom part of the sample, respectively. It is clear that the 
inside surface of Pt nanotubes at the top was more compact and smooth than those at the 
bottom part. Even so, the Pt nanotube was still a continuous film.  
Pt deposition at constant purge time: 30 s, pulse time: 1.3 s
Pt precursor fill time 0 s 30 s 60 s 90 s
Pt nanotubes length 2.1 ±0.1 μm 4.4 ±0.2 μm 5.0 ±0.2 μm 5.9 ±0.2 μm 
Pt deposition at constant purge time: 30 s, pulse fill time: 60 s
Pt precursor pulse time 0.5 s 1.3 s 2.1 s
Pt nanotubes length 0.3 ±0.05 μm 5.0 ±0.2 μm 5.3 ±0.2 μm 
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Figure 5-6| (a) The cross section SEM image of Pt nanotubes after 200 cycles of ALD growth 
using the innovative process. The enlarged SEM images of the top (b), and bottom part (c) 
of sample was shown in (a). SEM images of the free-standing Pt nanotube array after the 
AAO template was partly (d) and completed (e) removed. (f) The TEM image of the bottom 
part of individual Pt nanotube, and (g), the corresponding selected area electron 
diffraction (SAED) of number 2 in (f). 
The continuity of the deposited Pt nanotubes was further verified by the SEM images free-
standing Pt nanotubes after remove of the AAO template. As can be seen in Figure 5-6d, 
(a) (b)
(d) (e)
(c)
(f) (g)
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after partly removal of AAO template from back side of template, they were free-standing 
regular Pt nanotube array, with smooth and continuous closed tube bottom. After totally 
removal of the AAO template, they were top connected nanotube array (Figure 5-6d). The 
outside surface of nanotube was smooth and continuous (Figure 5-6e). Those results were 
further confirmed by the TEM image of the bottom part for an individual Pt nanotube 
(Figure 5-6f). Furthermore, the structure information of the growth Pt nanotube was 
investigated by the selected area electron diffraction (SAED) pattern. As can be seen in 
Figure 5-6g, the SAED pattern shows circular diffraction pattern. And those cycle ring were 
composed by bright spots. That means the fabricated Pt nanotube by ALD is polycrystalline. 
 
5.2.1.3. Three-dimensional Pt/MnO2 nanotube array 
 
 
Figure 5-7| (a) and (b), the top view and cross section SEM images of MnO2 shell on Pt 
nanotubes after 30 s of deposition, respectively. (c) and (d), the top view and cross section 
SEM images of MnO2 shell on Pt nanotubes after 90 s of deposition, respectively. 
 
(a) (b)
(c) (d)
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The above mentioned Pt nanotube array fabricated based on regular AAO template with a 
length of around 2 µm was chosen for the following construction of three-dimensional 
Pt/MnO2 nanotube array, to avoid the top connect of each nanotubes. 
Pt nanotubs with about 180 nm tube diameter and 2 µm length were used for growing 
core/shell Pt/MnO2 nanotubes for supercapacitor application. MnO2 shells were 
electrodeposited on Pt cores [44–46]. The overall core-shell nanotube diameter (and hence 
the thickness of MnO2 shell) can be adjusted by controlling the MnO2 deposition time: the 
tube diameter and the shell thickness were about 240 and 30 nm when the deposition time 
was 30 s (Figure 5-7a and b), while the diameter and thickness reach up to about 340 and 80 
nm respectively for 90 s of deposition time (Figure 5-7c and d). These pre-defined core-shell 
Pt/MnO2 nanotube array was used to construct supercapacitor electrodes. 
 
5.2.2. Chemical and element composition 
 
Besides the structure and morphology information that studied by SEM, the corresponding 
EDS and XPS spectroscopy were performed to investigate the elements composition and 
chemical states properties of the prepared three-dimensional core/shell Pt/MnO2 nanotube 
array. 
 
5.2.2.1. Elements composition  
 
The element composition was studied by EDS present in Figure 5-8a. As shown in the EDS 
spectroscopy, there have elements of Pt, O, Mn, C and Si. The Figure 5-8b presented the 
SEM image of EDS mapping area (20 µm × 20 µm) and corresponding individual EDS mapping 
of platinum, oxygen and manganese elements in that area. It clearly presents the dispersion 
and distribution of each element on the three-dimensional nanotube array nanostructure. 
The EDS line-scanning across a single Pt/MnO2 nanotube also be investigated. And the result 
further confirmed the structure and elements composition of Pt/MnO2 nanotube. 
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Figure 5-8| (a) the EDS spectrum of prepared three-dimensional Pt/MnO2 nanotube array; 
(b) EDS mapping of the platinum, oxygen and manganese elements on a 20 µm × 20 µm 
area; (c) EDS line scan of a single Pt/MnO2 nanotube. 
(a)
(b)
(c)
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5.2.2.2. Chemical states analysis 
 
The chemical states information of the fabricated three-dimensional Pt/MnO2 nanotube 
based on regular AAO template was performed by XPS measurement. As displayed in Figure 
5-9, there only has the signal from Pt. Since the penetrating depth of XPS measurement is 
about 10 nm, the lack of the Al2O3 XPS signal from the underlying alumina template agrees 
for the continuous characteristic of the Pt nanotubes [47,48]. 
 
Figure 5-9| XPS data of the Pt nanotubes after 200 cycles of ALD growth using the 
innovative process.  
 
5.2.3. Conductivity 
 
Pt nanotube array with about 180 nm nanotube diameter and 2 µm nanotube length was 
used for growing core/shell Pt/MnO2 nanotube array for supercapacitor applications. 
Therefore, the conductivity of the Pt nanotube is important to device fabrication. Thus, the 
conductivity of the fabricated Pt nanotube array was investigated by a four-probe station.  
Four silver pastes (denoted as electrode a, b, c and d) were connected to the four edges of 
the sample, constructing two pairs of measuring electrodes (Figure 5-10a). The sheet 
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electrical resistance of the continuous Pt nanotube film was as low as 3.4 Ω·cm-2. And there 
was only small variation between the two different pairs (Figure 5-10b). 
 
 
Figure 5-10| (a) The schematic of the conductivity measurement setup with two pairs of 
electrodes (a and c, b and d) the inter-electrode distance is about 0.7 cm. (b) I-V curves of 
Pt nanotube array after partially etching the backside template. 
 
5.2.4. Electrochemical performance 
 
In order to study the performance of the core/shell Pt/MnO2 nanotube array for 
electrochemical energy storage, cyclic voltammetry (CV) and galvanostatic charge-discharge 
were measured in a voltage window of 0-0.9 V. And the mass of the MnO2 was determined 
from the charge passed during electrochemical deposition and assumes 100% efficiency. The 
calculated mass of MnO2 was ∼ 0.094 mg·cm-2 and ∼ 0.216 mg·cm-2 for 30 s and 90 s MnO2 
deposition electrodes, respectively. 
The CV tests were performed on four samples at a scan rate of 20 mV·s-1 in 1.0 M Na2SO4: 
bare Pt nanotube array (denoted as NT electrode), 30 s deposition of Pt/MnO2 nanotube 
array (denoted as 30s-NT electrode), 90 s deposition of Pt/MnO2 nanotube array (denoted as 
90s-NT electrode), MnO2 on a Pt planar film (denoted as PF electrode) with same mass 
loading of the 30s-NT sample (Figure 5-11a). The enclosed areas of the CV curves became 
much larger after MnO2 loading, which revealed that the Pt electrode contribution to the 
capacitance can be ignored. The CV curves of the 30s-NT and 90s-NT electrodes had a clear 
quasi-rectangular shape, indicating their ideal electrical double-layer capacitance behaviors. 
(a) (b)
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On the contrary, the CV curve of the PF electrode was much worse compared to the NT 
electrodes.  
Meanwhile, the rate-dependent CVs of the typical 30s-NT electrode were investigated 
from 5 to 100 mV·s-1 (Figure 5-11b). All the curves maintained a nearly ideal capacitive CV 
shape with only small distortions, showing remarkable rate capabilities of the electrode.  
 
 
Figure 5-11| (a) The CVs of bare Pt-NT, 30s-NT, 90s-NT and PF electrode at a scan rate of 20 
mV·s-1. (b) Typical CVs of the 30s-NT electrode at different scan rates from 5 to 100 mV·s-1. 
 
The gravimetric specific capacitance (Csp) of core/shell MnO2/Pt nanotube array electrode 
was calculated from CV in 1.0 M Na2SO4 using Equation 5-1[32,49,50]: 
 
sp
Q
V
C
m
=
∆ ∗
                                                                                                                (Equation 5-1) 
(a)
(b)
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Where spC  is specific capacitance, Q  is the total charge integrated from the CVs, V∆  is 
the width of potential window 0.9 V, and m is the mass of deposited MnO2.  
The specific capacitance, energy density ( ed ), and power density ( pd ) were also calculated 
from the chronopotentiometric curves according to Equations 5-2 to 5-4: 
 
sp
I
m V
C t∆=
∆
                                                                                                                     (Equation 5-2) 
21 ( V)
2 spe
d C= ∆                                                                                                             (Equation 5-3) 
e
p
dd
t
=
∆
                                                                                                                           (Equation 5-4) 
 
Where the I  is the charge/discharge current, t∆  is the time for a full charge or discharge, 
m  is the mass of the active MnO2 electrodes, and V∆  is the voltage change after a full 
charge or discharge. 
And the areal specific capacitance (Casp) can be calculated as  
 
asp
Q I tor
V a
C
a V
∆
=
∆ ∗ ∆
                                                                                                  (Equation 5-5) 
 
Where the a  is the area of the MnO2 active electrodes (about 0.50 cm2) and the other 
values are the same as before described. 
After the measurement of rate-dependent CVs, the (Csp) versus the scan rate was 
summarized in Figure 5-12a. It demonstrated that the capacitance of the 30s-NT electrode 
reaches to 810 F·g-1 at the scan rate of 5 mV·s-1 (Equation 5-1). Meanwhile, the areal specific 
capacitance (Casp) also reached up to 75 mF·cm-2 (Equation 5-5). Even when the deposition 
time increases to 90 s, the electrode Csp still kept at 550 F·g-1 (119 mF·cm-2). The Csp of the 
30s-NT electrode and 90s-NT electrode yield much better performance at all scan rates 
compared with the PF electrode. For the 30s-NT electrode, the typical one-cycle charging-
discharging behavior from the current density of 20 to 100 A·g-1 (Figure 5-12b) and the 
representative linear voltage-time profiles at 2 A·g-1 (Figure 5-12c) showed high symmetric 
natures in all current densities. The summary plot of Csp versus current density 
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demonstrates that the 30s-NT electrode reached up to 793 F·g-1 (73 mF·cm-2) at 2 A·g-1 and 
this value is still at 530 F·g-1 (114 mF·cm-2) when the deposition time was increased to 90 s 
(Figure 5-12d and Equation 5-2 to 5-5). And both the NT-electrodes had a much better 
performance than that of the PF electrode in all current densities.  
 
 
Figure 5-12| (a) Specific capacitance curves of the 30s-NT, 90s-NT and PF electrodes at the 
different scan rates. (b) Representative linear voltage-time profiles for the charging and 
discharging of the 30s-NT electrode at high current densities from 20 to 100 A·g-1. (c) The 
representative linear voltage-time profiles of the 30s-NT electrode for the charging and 
discharging at a current density of 2 A·g-1. (d) The summary plot of Csp versus current 
density of the 30s-NT, 90s-NT and PF electrodes. 
Most importantly, when the current density of the 30s-NT electrode increases to 100 A·g-1, 
the Csp still keeps at 542 F·g-1 (50 mF·cm-2), which retains at about 68 % capacitance of the 
Csp at 2 A·g-1. For most of the previously reported core/shell and hybrid nanostructures (e.g., 
Au/MnO2 nanopores [3], Au/MnO2 nanowires [51] and AuPd/MnO2 nanorods [52]), the Csp 
(a) (b)
(c) (d)
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were very high at low current densities while it decreased dramatically at high current 
densities. The good rate capability of our Pt/MnO2 NT arrays electrodes can be attributed to 
the superior Pt NT collector, which provides not only a highly accessible surface area but also 
appropriate gaps among the adjacent NTs for fast and reversible Faradic reactions and short 
ion diffusion paths. 
 
 
Figure 5-13| (a) Cycling stability of the 30s-NT electrode at random current densities up to 
8000 cycles. (b) Ragone plots (energy density vs power density) of 30s-NT electrode at 
various current densities. 
 
The long-term cycle stability of the 30s-NT electrode was also evaluated. The Csp as a 
function of cycle number was presented in Figure 5-13a, where a negligible Csp loss at 20 
(a)
(b)
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A·g-1 was observed over the first 3000 cycles. After that, random charging and discharging 
with current densities from 2 to 100 A·g-1 was carried out up to 8000 cycles and the 
electrode still presented a high cycle stability and a negligible capacitance loss after such a 
sudden variation.  
Moreover, the Ragone plot (power density vs energy density) of the electrode at various 
current densities was shown in Figure 5-13b, which delivered a high power density of about 
56 kW·kg-1 at the energy density of about 61 kW·h·kg-1. The energy and power density in this 
study revealed that our Pt/MnO2 NT-based electrodes fulfil the power requirement (15 
kW·kg-1) for PNGV (Partnership for a New Generation of Vehicles). 
 
5.3. Conclusions 
 
In summary, in this chapter, it successfully established an innovative ALD process to grow 
regular arrays of Pt nanotube array on pre-patterned alumina templates, in which a low N2 
filling step was introduced. It was demonstrated that with the low N2 filling step, half Pt 
precursor ALD cycles can be saved for growing similar Pt films. Additionally, Pt NTs with an 
infiltration depth up to 6 μm were achieved and the aspect ratio of Pt nanotubes increased 
about 3.5 times (from 7 to 23) with the same Pt precursor pulsing time of 1.3 s. For obtaining 
an identical infiltration depth in the conventional process, about ten times of Pt precursor 
pulsing time was required. The presented approach here should be applicable to obtain 
other noble metal nanostructures, since they have the similar ALD reaction mechanisms to 
that of Pt.  
Meanwhile, the fabricated three-dimensional Pt/MnO2 core/shell nanotube array on a PDMS 
substrate was explored for high-performance supercapacitor application. This core-shell 
nanotube electrode exhibited a high gravimetric and areal specific capacitance (810 F·g-1 and 
75 mF·cm-2 at 5 mV·s-1) as well as an excellent rate capability (68 % capacitance retention 
from 2 to 100 A·g-1). A negligible capacitance loss was observed after 8000 random charging-
discharging cycles from 2 to 100 A·g-1. These good performances can be attributed to the 
well-defined Pt nanotube array, which provided a high accessible surface area and inter-tube 
gaps for fast and reversible Faradic reactions and short ion diffusion paths. Overall, the Pt 
nanotube array demonstrated here provided a desirable candidate structure for high-
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performance supercapacitors as well as for other Pt-based nano-devices such as energy 
storage elements, transistors and sensors. 
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6. Surface modification of three-dimensional Carbon nanofiber aerogel with 
ultrasmall Pt nanoparticles by ALD for electrocatalytic hydrogen evolution 
 
6.1. Introduction 
 
Because of the deteriorating environment and depleting of fossil fuels, as a high-energy-
density carrier of clean energy, hydrogen has attracted tremendous attention recently [1–8]. 
The direct generation of hydrogen from the environmental-friendly electrolysis of water is 
one attractive strategy [1,9–18]. While the hydrogen evolution reaction (HER) of direct 
electrochemical splitting of water requires an efficient and robust catalyst to reduce the 
reaction overpotential and to increase the catalytic current density [1,18]. Currently, among 
various catalyst materials, noble metals, especially platinum has been regarded as the best 
electrocatalyst that provides the highest electrochemical activity towards the HER [19–24]. 
However, the high cost of Pt limits the according economic viability and hinders the 
widespread utilization. Though alternative electrocatalysts based on earth-abundant 
elements such as transition metal chalcogenides (TMCs) have been explored to reduce the 
costs [12,14], the electrochemical catalytic performances of these developed materials are 
still lag behind Pt in terms of the HER. Thus, feasible option approaches, which could reduce 
the loading amount of Pt while retaining the electrocatalytic activity for HER, become very 
urgent. 
Besides Pt utilization, the use of large-surface-area conductive supports for a given catalyst 
is another way to increase the catalytic activity of HER, such as carbon nanotubes, graphene 
[25–30] and carbon nanofibers [31–33]. In particular, three-dimensional (3D) carbon 
nanofiber aerogel that derived from biologic bacterial cellulose (BC) has been explored for 
HER, owing to the environmental friendliness, cost effectiveness, light-weight, high inertness 
in harsh electrochemical conditions, large surface area as well as good conductivity for 
intermediation transport [31,34]. However, it is still challenging to achieve low-loading and 
high dispersion of Pt nanoparticles on the surface of BCF by the traditional chemical 
deposition, electrodepositing or physical vapor deposition processes. Therefore, a strategy 
based on low-loading amount of Pt nanoparticles highly-dispersed on high-surface-area of 
supports to minimize the overall raw material cost is imperative. 
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Recently, as a modified chemical vapor deposition technique, Atomic layer deposition 
allows conformal and homogenous coating on large-surface 3D structures with precise 
controllable thickness at atomic level [35–44]. For the Pt ALD process, the certain chemical 
reaction results in the nucleation of isolated islands on the support surface. The islands grow 
with increasing ALD cycles and finally coalesce into a film [45–47]. The growth process of the 
isolated islands has been used for direct depositing Pt particles with diameters less than 10 
nm [47]. Combining with our modified ALD process [45], the conformal Pt isolated-islands 
could highly disperse Pt nanoparticles on large surfaces of conductive supports, while 
decreasing the utilization of Pt for HER application. 
Herein, to minimize the loading amount of Pt while maintaining their catalytic 
performance, we grafted ultra-low loading amount of Pt (0.87 %) nanoparticles with 
diameters ranging from 1 to 3 nm on surfaces of 3D carbon nanofibers, via only 5 cycles of 
ALD process. With the intervening of low nitrogen filling steps, the Pt nanoparticles were 
highly dispersed on nanofiber surfaces with a high surface-to-bulk atomic ratio. 
Electrochemical measurements showed that the as-prepared ultra-low mass loading Pt 
nanoparticles on BCF catalyst has as good electrocatalytic activity as commercial Pt/C 
catalyst for HER. The present investigations demonstrate that the combination of low-
nitrogen-filling ALD process and large-surface BCF is a powerful strategy that could 
efficiently minimize the Pt demands for efficient hydrogen evolution. 
 
6.2. Results and discussion 
 
6.2.1. Morphology and structure analysis 
 
BCF aerogel was chosen as a support because the low-cost carbon nanofibers have 
advantages of high inertness in harsh electrochemical conditions, large surface area as well 
as good conductivity for intermediation transport. The purified wet BC pellicle with 
controllable thickness was firstly cut into small pieces (Figure 6-1a), and then lyophilized to 
form dry BC aerogels (Figure 6-1b) via freeze-dry process. The dried BC aerogels were then 
loaded to pyrolysis under a high-purity N2 atmosphere at 800 °C for 2 h to form the BCF 
aerogels (Figure 6-1c). Finally, the as-prepared BCF aerogels were put into ALD reactor 
chamber to deposit Pt nanoparticles according to our previous work (Figure 6-1d).  
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Figure 6-1| The photographs for the preparation of sample: (a) BC Hydrogel, (b) BC Aerogel, 
BCF Aerogel, and (d) Pt/BCF. 
 
The morphology of the BCF aerogel as well as the morphology of Pt particles on BCF 
aerogels was further characterized by TEM. After high-temperature pyrolysis and ALD 
deposition process, the macroscopic volumes of BCF aerogels (photograph in Figure 6-1a and 
d) and the nanofibers gradually shrink to about half of their original size. However, the 
nanofibrous network structure of original BC precursors maintained well (Figure 6-2). As 
shown in Figure 2a and b, the BCF composes of random-orientated carbon nanofibers. 
 
 
Figure 6-2| (a) The TEM image of the as-prepared three-dimensional BCF aerogel. (b) The 
enlarged magnification TEM images of sample in (a). 
 
After only 5 cycles of low-nitrogen-filling ALD processes, the appearance of the sample was 
the same as that of BCF aerogel. Under TEM investigation, it could found that the Pt particles 
were highly dispersed on the surface of carbon nanofibers, even at the inner central surface 
BC Hydrogel BC Aerogel BCF Aerogel Pt/BCF
(a) (b) (c) (d)
200nm
(a)
100nm
(b)
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of BCF aerogel (Figure 6-3a).The magnified TEM image (Figure 6-3b and c) further 
demonstrated the dispersity of Pt particles. And the particle size distribution based on 
several TEM images was shown in Figure 6-3d. It was presented that the average Pt particle 
diameter was 2 nm. 
 
 
Figure 6-3| (a) The TEM image of the as-prepared three-dimensional Pt/BCF aerogel. (b) 
and (c) The enlarged magnification TEM images of the as-prepared three-dimensional 
Pt/BCF aerogel. (d) The Pt particle size distribution on three-dimensional BCF aerogel via 5 
cycles of modified ALD process. 
 
6.2.2. Chemical state analysis 
 
The chemical state of the surface modification Pt by 5 cycles of low-filling-N2 step ALD 
process on the as-prepared three-dimensional BCF aerogel was investigated by XPS spectra. 
As presented in Figure 6-4, the spectrum marked in blue line, the Pt/BCF sample presented 
200nm
(a)
50nm
(b)
50nm
(c) (d)
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obviously Pt 4f5/2 and Pt 4f7/2 peaks, both of them were fitted well with the Pt0state, 
confirming the presence of Pt [47,48].  
Besides the identification of chemical state, the weight percent calculations also done 
based on XPS spectroscopy. It is obvious that the comparison bare BCF sample does not 
show Pt 4f peaks (Figure 6-4 marked in black line). Accordingly, the Pt loading on BCF was 
detected to be about 0.87 wt% by XPS analysis. The high-level of disperse and low-level of 
loading of Pt nanoparticles over high-surface-area 3D carbon networks is difficult to be 
achieved by normal Pt deposition process, allowing the feasibility to break the Pt loading 
limits for HER process. 
Figure 6-4| The Pt 4f XPS spectra of the bare three-dimensional BCF aerogel and the three-
dimensional Pt/BCF samples. 
 
6.2.3. Electrochemical performance  
 
6.2.3.1. Electrocatalytic performance for hydrogen evolution reaction  
 
The electrocatalytic performance of the three-dimensional Pt/BCF was investigated in 0.5 
M H2SO4 solution with a typical three-electrode system for HER. The catalytic performance 
of the bare three-dimensional BCF and the commercial Pt/C electrodes were tested for 
comparison. As shown in Figure 6-5a, the Pt/C catalyst shows a distinctly high HER catalytic 
activity, with a very low overpotential (-19 mV) as H2 evolution (J = 10 mA·cm-2), near to zero 
overpotential. The bare BCF presents almost negligible HER catalytic activity, with a high 
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overpotential of about -350 mV at the same current density condition. The overpotential of 
three-dimensional Pt/BCF with as low as 0.87 wt% Pt loading was only -55 mV at the 
cathodic current density of 10 mA cm-2, which is comparable with that of commercial Pt/C 
catalyst. Meanwhile, the loading of Pt nanoparticles had lowered the onset potential of 
three-dimensional bare BCF electrode. Both of them suggested the good catalytic activity of 
three-dimensional Pt/BCF catalyst. The catalytic activity is similar to that in previously 
reported 7 wt% Pt carbon system [48]. 
 
 
Figure 6-5| Electrochemical performance of electrodes in 0.5 M H2SO4 solution: (a) iR-
corrected polarization curves; and (b) Tafel plots for HER on bare three-dimensional BCF, 
three-dimensional Pt/BCF and commercial Pt/C electrodes, respectively. 
Moreover, the HER kinetics of the catalysts were probed by the corresponding Tafel slopes 
(overpotential versus log current) for further evaluating the electrochemical performance of 
samples. As shown in Figure 6-5b, the linear regions of the Tafel plots were fitted into the 
Tafel equation, getting values of 32 and 24 mV per decade for the three-dimensional Pt/BCF 
and the commercial Pt/C catalyst, respectively. The small Tafel slope of the three-
dimensional Pt/BCF demonstrated its superior catalytic activity, because of the fast increase 
of HER velocity while overpotential increasing. Generally, there are three principal steps that 
may participate for the HER in acidic media [49–51]. Under a specific set of condition, Tafel 
slopes of about 120, 40 and 30 mV per decade will be achieved if the Volmer 
(electrochemical hydrogen adsorption : H3O+ + e- →  Hads + H2O),the Heyrovsky 
(electrochemical desorption: Hads + H3O+ + e- → H2↑ + H2O), or the Tafel (chemical 
desorption: Hads + Hads → H2↑) step is the rate-determining step, respectively. The obtained 
(a) (b)
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Tafel slope of about 32 mV per decade for the three-dimensional Pt/BCF indicated that the 
HER takes place by the Volmer-Heyrovsky mechanism [49,50]. 
 
6.2.3.2. Electrochemical impedance spectroscopy  
 
To understand the electrochemical activation behavior of the corresponding catalysts, the 
electrochemical impedance spectroscopy (EIS) tests were carried out. The Nyquist plots 
were presented in Figure 6-6. It could be found that the Pt/BCF possesses a small arc, 
indicating a low charge transfer resistance, which is beneficial to achieve a high reaction rate 
of HER. The small charge transfer resistance of the Pt/BCF was attributed to the high 
conductivity of BCF support, and the incorporation of tiny Pt nanoparticles. 
 
 
Figure 6-6| (a) Nyquist plots of electrochemical impedance spectra for bare three-
dimensional BCF and three-dimensional Pt/BCF electrodes in 0.5 M H2SO4 solution; and (b) 
the enlarged part of (a).  
 
6.2.3.3. Long-term stability 
 
    The good stability is another crucial factors for a good HER catalyst. The accelerated 
durability test of Pt/BCF was performed by taking continuous potential cycling at 100 mV·s-1 
for 1000 cycles in 0.5 M H2SO4 solution. As shown in Figure 6-7a, the polarization curve of 
the three-dimensional Pt/BCF electrode has a negligible loss of cathodic current, and the 
curve was almost the same as the original one. Thus, the as-prepared three-dimensional 
(a) (b)
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Pt/BCF had excellent stability in HER process. To further verify the long-term stability of 
Pt/BCF, at the applied potential of -0.124 V (vs RHE), more than 10 h of current-time plot 
was performed. As present in Figure 6-7b, the loss of current density during the test period 
was negligible. Thus, the three-dimensional Pt/BCF had good stability in long-term 
electrocatalytic process. We considered that the good stability of the three-dimensional 
Pt/BCF was owing to the strong chemical bond between small Pt nanoparticles deposited by 
low-filling-N2 ALD process and three-dimensional BCF aerogel, and to the high inertness of 
the three-dimensional BCF support that protected the catalyst during the continuous 
potential cycling process. 
 
 
Figure 6-7| (a) Accelerated durability test for the three-dimensional Pt/BCF electrode 
before and after 1000 cycles. (b) Current-time response of the three-dimensional Pt/BCF 
electrode at the applied potential of -0.124 V (vs RHE). 
 
6.3. Conclusions 
 
In this work, we have prepared the efficient three-dimensional Pt/BCF HER catalyst system, 
with as low as 0.87 wt% Pt mass loading on low-cost bacterial cellulose derived three-
dimensional carbon nanofibers aerogel by a modified low-nitrogen-filling ALD process, and 
quantitatively analyzed its performance. The morphological characterizations presented that 
the Pt nanoparticles were highly dispersed on the three-dimensional BCF aerogel with an 
average Pt particle size of 2 nm.  
(a) (b)
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With the ultra-low mass loading of ultra-small Pt nanoparticles, the prepared sample 
exhibited a low overpotential of -55 mV at the cathodic current density of 10 mA·cm-2, a 
small Tafel slope of 32 mV per decade, and a good long-term stability property. The 
investigations and results suggested that the modified Pt ALD process is a promising strategy 
to highly disperse tiny Pt particles on large-surface-area three-dimensional BCF aerogel with 
ultra-low mass loading of Pt nanoparicles. It could dramatically reduce the demands of 
expensive noble metals while maintaining their high catalytic activity. 
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7. Summary and outlook 
 
In summary, the works throughout this thesis have shown that the atomic layer deposition 
is a very important and useful technique in fabrication and surface modification of three-
dimensional nanostructures for the new generation of energy storage and conversion 
devices construction. The ALD combination with AAO and PS templates can precisely control 
the structural parameters of active materials within the nanometer regime, including length, 
spacing, and thickness and so on. The results in this thesis have shown that the energy 
storage and conversion efficiency can be enhanced by 1) constructing a three-dimensional 
transparent conductive electrode as core to improve the collection and transfer of photo 
generated electrons and holes in TiO2 shell; meanwhile, precise control of the thickness of 
photoactive TiO2 optimizing the utilization of photo generated charge carries in the 
depletion layer and diffusion layer of TiO2; 2) developing a cost-effective ALD process to 
realize three-dimensional Pt nanostructures with ultralow demands of Pt source; the 
constructed 3D Pt nanostructures can be used in many energy storage device to greatly 
increase the current collection; 3) further developing a cost-effective ALD process to modify 
complex three-dimensional nanostructure with ultra-small Pt nanoparticles, the minimizing 
demands of precious metal via the modification process maintaining the high catalytic 
performance of precious metal for energy conversion reactions. 
The works within this thesis have profiled that in order to realize a new generation of 
energy storage and conversion devices with high performance, nano-engineered 
multifunctionalization of three-dimensional complex nanoarchitectures, as that are 
developed in this thesis, will be indispensable promising strategies. AAO and PS templates 
are feasible in the constructing of three-dimensional complex nanoarchitectures. ALD 
enables target material keeping its thin film morphology and / or uniform dispersed 
nanoparticle on a constructed three-dimensionally nanostructured and electrical conductive 
matrix. Thereby, ALD multifunctionalization of three-dimensional nanoarchitectures will not 
only improve the performance of energy conversion and storage devices present here. 
Ultimately, they will exhibit significant performance enhancement to others energy 
conversion and storage devices over current diverse technologies. The results obtained 
within this thesis on nanostructuring of three-dimensional nanoarchitectures, 
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mulitfuctionlization of those constructed nanoarchitectures and the relative device 
integration should provide promising basis processes to develop more advanced complex 
three-dimensional nanoarchitectures with different active materials and functions, widening 
the range of applications  
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Extended works 
 
During the process of my Ph.D, I devoted myself to work on atomic layer deposition 
fabrication and/or surface modification of three-dimensional nanostructures for clean 
energy conversation and storage. I also paid attention to environmental depuration by solar 
light. In particular the BiOX related nanostructure photocatalysts used for the 
photodegradation of environmental pollutants. Meanwhile, I also cooperated with some of 
my group members and scientists from other groups. Here, in this chapter, the introduction 
and experiment results are presented to highlight the achieved photocatalytic performances 
of the synthesized BiOX photocatalysts beyond the scope of this thesis.  
 
E. 1 High efficient visible-light driven photocatalyst: Two-dimensional square-like 
bismuth oxyiodine nanosheets 
 
Since the discovery of photocatalytic splitting of water on TiO2 electrodes in 1972 by 
Honda and Fujishma [1] efficient utilization of solar energy for photocatalysis towards 
environmental purification and solar energy conversion have been attracting massive 
research interests [2] Various photocatalysts have been prepared and used in photocatalytic 
water splitting and photodegradation of organic pollutants [3–6]. However, the 
photocatalysis of many photocatalysts are limited only under ultraviolet irradiation (λ < 380 
nm). Therefore, it is still of great significance to develop visible-light driven photocatalysts 
for highly efficient solar utilization.  
Recently, as a series of novel layered ternary oxide semiconductors, bismuth oxyhalides 
(BiOX, X = Cl, Br, and I) have received much attention because of their excellent 
photocatalytic performances [7–10]. Bismuth oxyhalides possess a layered structure, which 
is consisting of [Bi2O2]2+ slabs separated by double slabs of halogen atoms. The space of 
layered structures is large enough to increase for polarizing the related atoms and orbitals. 
The induced dipole could then improve the separation efficiency of hole-electron pairs. With 
the benefits from their open and layered crystalline structures, the bismuth oxyhalides show 
outstanding photocatalytic performances. BiOCl shows better photocatalytic activity than 
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TiO2 under ultraviolet irradiation. Furthermore, bismuth oxyhalides can extend light 
absorption to visible light range. It is highly important for the direct use of sunlight. 
 
 
Figure E-1| (a) SEM image of large area of 2D square-like BiOI nanosheets; (b) the SEM 
image of two pieces 2D square-like BiOI nanosheets; (c) TEM image of bunches of 2D 
square-like BiOI nanosheets; (d) the TEM image of two pieces 2D square-like BiOI 
nanosheets and the schematic illustration of the crystal orientation of the BiOI nanosheet 
(inset bottom right); (e) the HRTEM image, SAED pattern (inset top right) and FFT pattern 
(inset bottom right) of 2D square-like BiOI nanosheet. 
 
As known, properties of materials are determined by their crystalline structures. 
Meanwhile, the morphology structures are also play important roles. Profiting from high 
specific surface areas and large fraction of uncoordinated surface atoms, quasi-two-
dimensional (quasi-2D) materials have attracted high research interests [8,9,11,12]. For 
photocatalytic applications, the exposed surface atoms of quasi-2D materials could easily 
escape from a lattice to form vacancies that could have strong advantageous effect to 
photocatalytic performance [8]. Especially quasi-2D structures of bismuth oxyhalide shall 
have largely improved photocatalytic performance, which has been partially approved 
recently by the excellent visible light photoactivity of BiOCl nanosheets [7–10]. For even 
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better visible light absorption comparing with BiOCl, various morphologies of BiOI (Eg = 1.77 
~ 1.92 eV) photocatalysts have also been fabricated [13,14]. However, so far quasi-2D 
nanostructure of BiOI has rarely been realized and reported. Therefore, nowadays, how to 
achieve quasi-2D nanostructure of BiOI presents a timely research topic within the field of 
photocatalytic application of BiOX. In this work, using a cost-effective and environmental 
friendly hydrothermal process, 2D square-like BiOI nanosheets with a high percentage of 
exposed {001} facet were achieved (Figure 8-1). Different from most of conventional 
hydrothermal processes using surfactants or special solvent that cause high experimental 
cost, our non-surfactant process and aqueous system is highly desirable for reducing cost. 
More importantly, these quasi-2D nanosheets show superior visible-light photocatalytic 
performance, which shall originates from the highly exposed active facets and several-
nanometer thickness of the quasi-2D nanosheets. It is found that after only 15 min visible 
light irradiation, the decolouration ratio of RhB and MO reaches 90 % and 94 %, respectively. 
 
E. 2 Building of Anti-Restack 3D BiOCl hierarchitecture by ultrathin nanosheets towards 
enhanced photocatalytic activity 
 
Morphology engineering is an effective strategy to enable semiconductor photocatalysts 
with an excellent solar light photocatalytic performance [15–17]. Therefore, over years, 
photocatalysts with various morphologies have been substantially developed and applied for 
environmental remediation [18,19]. Particularly, ultrathin nanosheet semiconductor 
photocatalysts have triggered a high research enthusiasm in recent years, because of their 
superior photoactivity that originates from the advantage of promoting separation / 
transport of charge carriers and large surface area of ultrathin nanosheet [8,20]. However, 
an encountered challenge when using ultrathin nanosheets is the tendency to restack during 
processing, which persecutes and restricts their storage and long-term applications. From 
this point of view, it is promising to design three-dimensional (3D) hierarchical architecture 
constructed by these ultrathin nanosheets to minimize the corresponding possibility of 
agglomeration. 
Benefiting from the typical layered structure featured as [Bi2O2]2+ layers being sandwiched 
between two slabs of chloride ions, bismuth oxychloride (BiOCl) exhibits a comparable or 
even better photocatalytic performance than that of anatase TiO2 [21]. The polarized 
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valence band resulted from the hybridization of Bi 6s and O 2p orbits generates a self-
induced internal electric field perpendicular to the (001) plane, facilitating separation of 
photo-generated electron-hole pairs along the [001] direction [7,22,23]. Moreover, it is easy 
to attain activated oxygen molecule through one-electron transfer on (001) surface and the 
resultant oxygen radicals are of great advantages to mineralize the dyes in the solution [9]. 
In addition, the strong intra-layer bonding and the weak interlayer Van der Waals 
interactions are conducive to the exfoliation of bulk BiOCl to form ultra-thin sheets, which 
could reduce the recombination rate of the photogenerated charges by shortening the 
diffusion length [9,10,22,23]. Micro-assembly of BiOCl nanosheets has been proven to be a 
feasible strategy to improve the photocatalytic activity and recycling character [24,25]. 
However, the thickness of the previous reported BiOCl nanosheets is almost limited to 
several tens of nanometers. Chen’s group reported the ultrathin nanosheets assembled 
porous micriflowers BiOCl with superior photosensitized degradation [25]. But the 
photodegradation efficiency has obviously decreased during the cycling experiment. Thus, it 
is indispensable to assemble the ultrathin nanosheets BiOCl into specially designed 3D 
micro/nanostructures achieving high-activity and high-stability for practical application 
For this purpose, herein, the unique 3D BiOCl (UBOC) hierarchitecture, in which ultrathin 
nanosheets assembled nano-velvet substructures are formed on the surface of micro-
scaffold, is synthesized (Figure 8-2). The ultrathin nanosheet with active (001) plane as the 
main surface is about five atomic-layers in thickness, allowing the facilitative separation and 
transport of photogenerated charge carries. Such 3D microstructure presents an excellent 
photocatalytic performance: 99 % decolouration and 74 % removal of total organic carbon 
(TOC) for rhodamine B (RhB) were achieved within 10 min under AM1.5 solar light 
irradiation. According to the merit of anti-restack and easy recyclability of the 
hierarchitecture, we believe that this work broadens the possibility of designing efficient 
photocatalyst using ultrathin nanosheets. The pronounced photocurrent of the 
photoelectrode also qualifies the structure as a potential candidate in water splitting. 
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Figure E-2 | (a-d) SEM images; (e) TEM image; (f) AFM image and the corresponding height 
profile of UBOC and (g) The schematic of multi-light absorption and photogenerated 
electron-hole pairs separation / transfer with the help of appropriate internal electric field 
of BiOCl. 
 
E. 3 Two-dimensional Fe:BiOCl ultrathin nanosheet: Surface doping of Fenton reagent for 
high efficient photocatalysis 
 
The continuing deterioration of environment results in intensive researches for exploring 
new and efficient pollutant treatment strategies in the last three decades. As one of the 
promising alternative, the economic and environment-friendly photocatalysis technology 
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has received tremendous interests [26,27], in which the super oxidation potential (E(•OH/H2O) 
= 2.80 V) of non-harmful hydroxyl radicals (•OH) that are produced by the photogenerated 
electron (e-) / hole (h+) pairs, could non-selectively and efficiently decompose most organics 
during the photocatalysis process [28–30]. Thus, many efforts have been devoted to 
enhance the generation of •OH radicals. Although the integrating of conventional Fenton 
reaction into photocatalysis process has been proved to be one of the efficient ways, the 
harsh acidic condition (pH = 2.5 - 3.5), the accumulation of iron-containing sludge, and the 
requirement of additional H2O2 consumption limits the photocatalytic activity [31]. 
Compared to other strategies, the doping of Fenton-regents into photocatalyst with non-
extra H2O2 consumption has been demonstrated to be a probable resolution [32,33]. 
However, the other two disadvantages are still unfavourable for practical application. 
Therefore, it is high desirable to design and synthesize novel Fenton-reagent doped 
photocatalysts, which can effectively and high durably generate •OH in a wide range of 
conditions. 
As a promising photocatalyst, the ternary bismuth oxychloride (BiOCl) captures growing 
attentions [7–10]. Though the unique layered structure of the BiOCl could facilitate the 
separation and transport of charge carries, the poor solar light utilization, which originated 
from the wide band gap of BiOCl, resulted in a weak photocatalytic activity. Very recently, a 
new Fenton-like reagent iron oxychloride (FeOCl) has been reported with good durability in a 
wide pH range [34]. Since the FeOCl has a similar ‘van der Waals layer’ crystallographic 
structure as that of the BiOCl, it is high probability to realize doping of Fe acting as FeOCl 
Fenton-reaction unit to promote the production of •OH radicals. Meanwhile, The Fe-doping 
may also narrow the band gap of BiOCl, extending the light utilization from the UV light to 
visible light range [35,36]. It is generally known that the surface exposure of Fe is beneficial 
for the Fenton reaction. As one of the highest surface atom exposure morphologies, the 
two-dimensional graphene-like ultrathin nanosheet shall be favourable to explore the full 
potential of Fenton reaction [8,37]. As a result, Fe-doping BiOCl ultrathin nanosheet (Fe:BOC 
NS) could be an ideal model to take the advantages of Fenton reaction, band gap narrowing 
and morphology engineering for maximizing the generating of •OH radicals. 
Extended works  
 
 
152 
 
Figure E-3| (a-b) TEM images, (c) HRTEM image, SAED pattern (inset in (Figure c)) and (d) 
profile HRTEM image of the Fe-doping BiOCl ultrathin nanosheets (Fe:BOC NS), (e) The 
tentative photocatalytic degradation process for RhB over Fe:BOC NS under solar light 
irradiation. 
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Herein, utilizing a facile and scalable hydrothermal process, we demonstrated the first 
successful synthesis of Fe:BOC NS (Figure 8-3). The contribution of the introduced Fenton 
reaction is confirmed by electron spin resonance (ESR) experiment, which shows about two-
fold increase of the •OH radicals yield. Meanwhile, the Fe-doping created trap levels 
extended the light utilization from UV (3,23 eV) to visible light (2,65 eV) range. In addition, 
less than 5 nm ultrathin nanosheets and [001] facets exposure fulfil the advantages of 
Fenton reaction, and facilitate the separation and transfer of charge carries. The systematic 
experiments and analyses revealed that all the benefits accelerate the degradation of 
organic contaminates. A more than two times mineralization degree of colored RhB and 
colorless phenol with Fe:BOC NS photocatalyst than that with the pristine BiOCl ultrathin 
nanosheets (BOC NS) is presented. Furthermore, considering the good durability from the 
cycling experiment, the prepared Fe:BOC NS is an excellent photocatalyst for efficient water 
treatment. Therefore, our work indicated that the surface Fenton-reagent doped two-
dimensional graphene-like ultrathin nanosheet is a promising photocatalyst system to 
acquire excellent photocatalytic activity. 
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